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Abstract
Annual aboveground biomass growth in temperate forests of eastern North America
Alex Dye
The below dissertation is organized into three individual standalone
manuscripts supporting the overarching theme of reconstructing annual
aboveground biomass growth in temperate forests of eastern North America using
dendrochronological applications. Each manuscript is organized with the intent of
submission to a peer-reviewed journal. The first manuscript validated the technique
I use throughout my dissertation by comparing tree-ring derived estimates of
annual aboveground productivity with estimates from co-located or nearby
permanent remeasurement plots at Howland, Maine, Harvard Forest,
Massachusetts, and Fernow, West Virginia. The second manuscript investigated the
size-related distribution of biomass growth at 16 eastern U.S. forest sites and
compared results with United States Forest Service inventory plot data. The goal of
this manuscript was to determine where, structurally, biomass was allocated in
forests and whether these quantities changed over time and between forests. The
third manuscript was inspired by the results of my second chapter. Here, I
investigated whether the degree of asymmetry, or the slope of the linear regression
between tree diameter and growth, is a useful indicator of total forest productivity.
Previous studies linking asymmetry and productivity have been inconclusive, and
this chapter evaluates consistency or lack of consistency across the same 16-site
eastern U.S. forest network.
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Introduction

Overview of scientific objectives
The following dissertation consists of three interrelated chapters supporting
the overall theme of my dissertation, “Annual aboveground biomass growth in
temperate forests of eastern North America.” Each chapter is designed as a standalone article to be submitted for publication. Over the course of intensively
investigating my proposed research topics, my chapters deviated slightly from my
original objectives but still adequately support my primary research theme. In my
first chapter, I evaulate the validity of using tree rings to reconstruct annual
aboveground forest productivity. I do this by comparing dendrochronological
estimates of productivity with co-located or nearby permanent remeasurement plot
estimates at Howland Forest in Maine, Harvard Forest in Massachusetts, and
Fernow Experimental Forest in West Virginia. By resampling subsets of the
permanent plot data that were of equivalent spatial coverage as the tree-ring
datasets, I developed a range of reasonable productivity estimates given a specific
sample size. At each site and over time, tree-ring estimates always fell within the
95% confidence interval of these ranges. This manuscript was published in the
journal Ecosphere in September 2016.
In my second chapter, I move to a more local scale to study the size-related
biomass dynamics in forests. Here, I quantify the distribution of new annual basal
area increment to individual trees according to tree diameter in order to provide
long-term, annually resolved information to managers and ecosystem modelers
regarding where newly acquired biomass is produced. I found that between 19702011, typically 30-60% of new aboveground biomass is allocated to the biggest 25%
of trees in a site. For all but 2 sites, the proportion of biomass allocated to the
biggest trees at a site has been increasing since 1970, while the proportion allocated
to smaller trees has been decreasing. Analyzing remeasurement data from the
Forest Inventory and Analysis for the entire eastern U.S. also reveals
disproportionate production of the biggest trees, although proportions vary from
the tree-ring data.
In my third chapter, I investigated size-related biomass dynamics further by
looking for consistency or lack of consistency in the relationship between
productivity and the degree of asymmetry, or the slope of the linear relationship
between tree diameter and growth. Many researchers have assumed that total
forest productivity will increase when asymmetry is higher, although the literature
provides inconsistent evidence supporting this expectation. In my work, I find no
consistent relationship between asymmetry and productivity, neither within sites
nor between sites. This inconsistency continues to persist even after dividing data
into common ecological remeasurement intervals (i.e. 2-year, 5-year, 10-year, 20year, and 41-year).
Overview of dataset
In my dissertation, I have incorporated multiple datasets that have been
created both by myself and graciously shared by others. Most of these datasets were
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constructed in support of the Paleo-Ecological Observatory Network (PalEON)
research project. Planning meetings prior to sampling excursions ensured all data
and collection followed standard protocols (Figure 1). Data developed by myself
included sites at Howland Forest in central Maine and both Huron Mountain Club
sites in northern Michigan (Rush Lake and West). Neil Pederson and Daniel Bishop
of Harvard Forest contributed data from the following sites: Gill Brook, Goose Egg
State Forest, Rooster Hill, Palmaghatt, Harvard Forest (Lyford and EMS), and Pisgah
State Park (Harvard Tract and North Round Pond). Ross Alexander of the University
of Arizona provided data from the following sites: Morgan Monroe, Missouri Ozark,
UMBS, Ohio Oak Openings, and Duke Hardwood. Additionally, I used a dataset from
Fernow Experimental Forest developed by Sarah Davis and Amy Hessl at West
Virginia University in the mid-2000s (Davis et al. 2009). In collaboration with each
of these research teams, I have taken on the task of integrating each of these rich
datasets throughout this dissertation.
Overview of tree rings and productivity
Dendrochronology is a relatively new addition to the suite of tools used by
forest ecologists to investigate the carbon cycle. In the last decade, numerous
researchers have begun studying the efficacy of tree rings as recorders of
aboveground net primary productivity (Davis et al. 2009, Babst et al. 2014a,
Nehrbass-Ahles et al. 2014). Tree-ring biomass reconstructions are being integrated
with other metrics of ecosystem carbon cycling, including permanent
remeasurement plots (Klesse et al. 2016, Dye et al. 2016, Evans et al. 2017), eddy
covariance (Rocha et al. 2006, Babst et al. 2014b, Teets et al. 2017), remote sensing
(Bunn et al. 2013), and validation of ecosystem models (Rollinson et al. 2016,
Montane et al. 2017). Because tree rings are annually resolved, multi-decadal
records of forest growth that can be developed from a single sampling effort, they
are invaluable assetts to studies of forest biomass dynamics.
Here, I briefly overview the process of using tree rings to reconstruct
productivity. This general workflow results in the aboveground net primary
productivity estimates (Chapter 1) and basal area increment (Chapters 2 and 3) that
I use as estimates of forest productivity in my dissertation. First, past tree diameters
are reconstructed by subtracting annual ring widths from the diameter measured
when sampling (Figure 2a). Second, the reconstructed diameters are transformed
into an areal measurement of standing biomass, such as basal area (e.g. cm2) or
aboveground carbon content (e.g. Mg C) using species specific allometric equations.
Third, first-differencing the annual standing basal area or carbon content values
provides an estimate of annual basal area increment or aboveground carbon
sequestration, respectively, for each tree (Figure 2b). When a mapped-plot sampling
design is employed, productivity from all trees can be summed to develop a per unit
area estimate of aboveground forest productivity (e.g. Mg C/m2/year).
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Figure 1. Map of all sampled dendrochronological sites used in this dissertation. The
labelled point for “Huron Mountain Club” contains both Huron Mt. Club-West and
Huron Mt. Club-Rush Lake sites; “Harvard” contains both Harvard Forest-Lyford and
Harvard Forest-EMS; “Pisgah” contains both Pisgah State Park-North Round Pond and
Pisgah State Park-Harvard Tract. Fernow was not used in Chapters 2 and 3 because the
sampling design was inconsistent with other sites and the tree-ring record ends in 2002.

5

Figure 2. Selected examples of the
three primary sampling designs use for
collection of tree rings. All are a
variation of a mapped-plot sampling
design, shown to be an effective
method when reconstructing
productivity using tree rings. Specific
designs are: (a) Fixed-diameter plots
(Huron Mt. Club-Rush Lake and Huron
Mt. Club-West). All trees > 10 cm
DBH within a 16-m radius of plot
center were cored. Example shown:
Huron Mountain Club-West Plot 3; (b)
Triple-nested “old-growth” plots (Gill
Brook, Goose Egg, Palmaghatt, Pisgah
State Park-North Round Pond, and
Rooster Hill). All trees > 10cm DBH
within a 13-m radius, > 20cm DBH
within a 20-m radius, and > 30cm DBH
within a 30-m radius. Example shown:
Goose Egg plot 3; and (c) Doublenested “second-growth” plots (Duke,
Howland, Harvard Forest-Lyford,
Harvard Forest-EMS, Pisgah State
Park-Harvard Tract, Ohio Oak
Openings, Morgan Monroe, Missouri
Ozark, UMBS). All trees > 10cm DBH
within a 13-m radius, all trees >20 cm
DBH within a 20-m radius. Example
shown: Harvard Forest-Lyford plot 1.

a)

b)

c)
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a)

b)

Figure 3. Example graph of (a) reconstructed diameters and (b) the related aboveground
biomass increment (kg) for an example eastern hemlock (Tsuga canadensis) tree
HMC1023 at Huron Mt. Club-West.

7

Chapter 1: Comparing tree-ring and permanent plot estimates of aboveground net
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Comparing tree-ring and permanent plot estimates of aboveground net primary
productivity in three Eastern U.S. forests. Ecosphere 7: e01454.
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ABSTRACT
Globally, forests account for a large portion of sequestered carbon, much of which
is stored as wood in trees. Measurements of the rate of carbon accumulation in the
aboveground plant material, or aboveground net primary productivity (aNPP), quantify
annual to decadal variations in forest carbon sequestration. Permanent remeasurement
plots are often used to estimate stand-level aNPP but are usually not annually resolved
and take many years to establish a long dataset. Tree rings are a unique and relatively
infrequently used source for measuring aNPP, and benefit from fine spatial (individual
trees) and temporal (annual) resolution. Because of this precision, tree rings are a
complementary addition to permanent plots and the suite of tools used to study forest
productivity.
For a lowland evergreen (Howland, Maine), mixed deciduous (Harvard Forest,
Massachussets), and mixed mesophytic (Fernow, West Virginia) forest in the eastern
United States, we demonstrate that annual estimates of aNPP developed from tree rings
approximate estimates derived from permanent remeasurement plots, even when plots are
not directly co-located. Permanent plots at the sites cover an area of 2-3 ha, and we use
this as a benchmark indicative of the forest stand. We simulate random draws of subsets
of permanent plot data to describe the distribution of possible aNPP estimates given a
sampling area size equivalent to the tree-ring plots. Though mean tree-ring aNPP
underestimates permanent plot aNPP slightly at the Maine site and overestimates at the
Massachusetts and West Virginia sites, it is still within the distribution of random draws
of equal-sized sampling area at all sites.
To investigate how well tree-ring aNPP can be upscaled to the forest stand, we
conducted a second random draw of permanent plot subsets simulating a two-fold
increase in sampling area. ANPP estimates from this distribution were not significantly
different from our current samplign area, though variance decreases as sampling area
approaches stand area. Additionally, we develop the benefits and concerns associated
with using tree rings to reconstruct annual aNPP, and call for the application of tree rings
in carbon cycle studies across a broader range of species diversity, productivity, and
disturbance histories.
Keywords
biomass; carbon cycle; dendrochronology; Eastern United States; net primary
productivity; permanent plots
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INTRODUCTION
Forests account for a large portion (up to 80%) of total sequestered live terrestrial
biomass, and are essential to understanding the global carbon cycle (Dixon et al. 1994,
Pan et al. 2011). Temperate forests in the Northern Hemisphere, especially those in
eastern North America, comprise some of the largest and most active global carbon sinks
(Pacala et al. 2001, Goodale et al. 2002). However, the large, dynamic inter-annual
variability in the terrestrial carbon sink are poorly understood and demand better
quantification. Interannual changes in forest productivity are quantified using a variety of
methods, including biometric (manual measurement of tree growth), eddy covariance
meaurements of the influx and outflux of CO2 (Barford et al. 2001, Baldocchi 2003,
Hollinger et al. 2004), and remote sensing (Running et al. 2004, Ollinger et al. 2007).
Attempts at incorporating these data into ecosystem models to estimate productivity over
longer time scales have achieved varying results (Friedlingstein et al. 2010, Jones et al.
2013), and a more detailed understanding of forest productivity is needed to improve
forecasts of carbon dynamics under climate change.
Net primary productivity (NPP) is defined as the biomass increment of woody and
herbaceous plants in terrestrial ecosystems and is the difference between total
photosynthetic uptake, or gross primary productivity, and losses from autotrophic
respiration (Chapin et al. 2006). Total NPP in forests can be quantified by summing the
carbon allocated to all components of the plant including sapwood in stems, branches,
fine roots, and live foliage. Measurement of each of these carbon fluxes requires different
techniques (see Clark et al. 2001 for a comprehensive review). Aboveground production
(aNPP) is important in forests because of the long-term storage capacity of carbon gained
by wood (preventing carbon release to the atmosphere) and commercial interest in forest
woody carbon stocks (Harmon 1990, Fahey et al. 2009).
Biometric methods, such as permanent plots and tree rings, quantify incremental
tree growth over time to estimate aNPP. These methods can develop aNPP records over
relatively long time scales, and robust techniques and applications have been described
for permanent remeasurement plots (Siccama et al. 2007, Schuster et al. 2008, Xu et al.
2012, Fahey et al. 2013, Eisen and Barker-Plotkin 2015) and for tree rings (Graumlich et
al. 1989, Davis et al. 2009, Xu et al. 2012, Babst et al. 2014). The biomass of individual
trees can be calculated with species-specific allometric equations relating stem diameter
to aboveground dry weight of wood and aNPP calculated as the change in biomass over a
time interval (where carbon content is typically 50% of biomass). The main attraction of
using tree rings or permanent plots to measure biomass increment is the ability to track
aNPP of individual trees, advantageous for the study of aNPP variability at a local scale.
In permanent plots, all trees above a certain diameter threshold are remeasured
periodically and aNPP defined as the change in biomass between measurements.
Permanent plots provide an excellent record of productivity over time because they track
growth and mortality of individual trees. No other method is capable of precisely
quantifying biomass lost to mortality. However, permanent plots require decades of
intensive labor to obtain meaningful results and rarely capture the annual dynamics of
aNPP. Error in permanent plot studies can stem from discrepencies in measurements
between field workers, differences in the season measurements were taken, non-growth
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related expansion or contraction of bark, and human error measuring tree diameters
(McRoberts et al. 1994, Holdaway et al. 2014).
Tree rings have been shown to serve as reliable indicators of biomass increment
(Bouriaud et al. 2005) and are recognized as a valid source for estimating aNPP (Clark et
al. 2001, Kloeppel et al. 2007), but they have only rarely been used as a measure of
biomass accumulation (Babst et al. 2014, Hember et al. 2015). Tree rings have the
potential to preserve decadal to centennial scale variability in aNPP, but their use needs
to be demonstrated across a range of sites with different species composition, rates of
productivity, and disturbance histories.
Tree rings minimize many challenges in quantifying productivity by providing
very fine temporal (annual) and spatial (the individual tree) resolution with only a single
sampling effort. However, disadvantages of tree rings include a loss of information on
trees that died previously and could not be sampled (Foster et al. 2014) and allometric
uncertainties in scaling ring width to total biomass increment (Dietze et al. 2008,
Alexander et al. 2015). In addition, tree-ring collections developed for specific studies
involving climate reconstructions, stand dynamics, stream flow, or disturbance history,
for example, rarely include a complete census of trees in a fixed-area plot, which is
critical for developing stand-level productivity estimates on a per area unit scale (Babst et
al. 2013, Nehrbass-Ahles et al. 2014).
Both tree-ring and permanent plot estimates of aNPP aim to develop estimates
that describe the whole stand in addition to individual trees or sampling plots because this
vastly expands our inferential capabilities. However, upscaling aNPP from the plot-level
can be problematic, especially in forests with considerable species and structural
heterogeneity (Weins 1989). Growth rates and allocation percentages of carbon to
aboveground plant components can vary by species and tree size, and failure to include a
representative selection of the species and structural diversity present in a forest has
potential to bias estimates of stand-level aNPP.
Permanent plots are an established standard method for estimating aNPP and can
be further improved with the annual resolution that tree rings provide. With advances in
measuring carbon dynamics, increasing attention is being given to comparing different
sampling techniques. Comparisons of meteorological gross primary productivity and net
ecosystem exchange measured by eddy covariance with tree rings (Rocha et al. 2006,
Babst et al. 2014) and permanent plots (e.g. Curtis et al. 2002, Ehman et al. 2002) have
been attempted with variable results. With the past success and future potential of the
eddy covariance technique and global coverage of remote sensing, comparisons such as
these are an important avenue for continued research, especially across a wide range of
forest types. However, extensive comparisons of tree-ring and permanent plot estimates
of aboveground productivity are generally lacking in the literature, and a more complete
set of studies across varied forest types combining these two methods is needed to ask the
fine scale ecological questions that can only be addressed using these biometric
approaches. Biondi 1999 analyzed tree-ring chronologies in the Western United States
with growth rates of trees in U.S. Forest Service inventory plots, but did not explore
biomass increment. A recent study in Europe used a combination of tree-ring and
permanent plot basal area increment to study climate response over the length of forest
measurement intervals, but did not perform an explicit comparison or quantify aNPP
(Rohner et al. 2016), and Klesse, Etzold, and Frank 2016 conducted one of the first and
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only integrations of tree ring and permanent plot measurement for the express purpose of
improving estimates of aboveground biomass increment in a Swiss pine/larch dry valley
forest.
In this study, we compare field estimates of aboveground aNPP derived from tree
rings with estimates from co-located permanent plots for a temperate coniferous, mixed
deciduous, and mixed mesophytic forest in the eastern United States. By analyzing treering aNPP in concert with another well-established biometric method, we develop a basis
for how much confidence we can place in tree-ring estimates and the types of inferences
they allow us to make. We evaluate different configurations of our dataset to investigate
how area sampled, allometric equations used, and variability in species and structural
diversity influence the comparison and assess to what extent we can scale up aNPP from
a small collection of plots. We use these analyses to inform future sampling campaigns
and call attention to the benefits of including both tree rings and permanent plots in
carbon sequestration research.
METHODS
Study Areas
We included three sites representing differing forest types of the eastern United
States in this analysis (Figure 1). Howland Research Forest is a lowland coniferous forest
in central Maine dominated by eastern hemlock (Tsuga canadensis L.) and red spruce
(Picea rubens Sarg.) with subdominates red maple (Acer rubrum L.), eastern white pine
(Pinus strobus L.), northern white cedar (Thuja occidentalis L.), balsam fir (Abies
balsamea L.), and yellow birch (Betula allegheniensis Britton). Harvard Forest is a mixed
deciduous forest in central Massachussets dominated by red oak (Quercus rubra L.) and
red maple, with subdominates American beech (Fagus grandifolia Ehrh), eastern
hemlock, eastern white pine, and yellow birch. Fernow Experimental Forest is a mixed
mesophytic forest located in the Allegheny Mountains of West Virginia composed
predominately of red oak, chestnut oak (Quercus montana Willd.), scarlet oak (Quercus
coccinea Menchh.), American beech, red maple, sugar maple (Acer saccharum Marsh.),
black cherry (Prunus serotina Ehrh.), and American basswood (Tilia americana L.). We
chose these sites for proximity of tree-ring data and ongoing permanent plots, and each
differ in species composition, forest age, productivity, and data availibility (Table 1).
Tree-ring aNPP estimates
At Howland and Harvard Forest, we established nested circular plots with a 20 m
radius, coring all trees ≥ 10 cm diameter at breast height (DBH) within a 13 m radius and
all trees ≥ 20 cm DBH between 13 m and 20 m. The dominant trees in a forest may
account for up to 95% of total aboveground biomass (Kloeppel et al. 2007), but are rare,
requiring a larger sample area. This design ensures adequate sampling of larger trees
when time and resources limit the feasibility of sampling all trees in multiple 20 m radius
plots. To account for growth differences caused by tree asymmetry, we collected two
cores from each tree. We sampled three plots at Howland. At the Harvard Forest, we
deliberately placed three tree-ring plots within the permanent plot study area (the “Lyford
plots”). Because of concerns about long-term monitoring, we were unable to place plots
inside the permanent plot boundaries at other sites. Ideally, the aNPP estimates are meant
to be indicative of the entire forest, not just the plot, and this locational offset allows us to
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assess this assumption. Additionally, two tree-ring plots (the “EMS plots”) were
established outside the Harvard Forest permanent plot study area near the EMS eddy
covariance tower. Tree cores at Fernow were collected in 2002 for a study comparing
forest productivity with management strategy (Davis et al. 2009). Two cores were
removed from all trees ≥ 10 cm DBH in six 10 m radius plots.
We dried, mounted, and sanded cores according to standard dendrochronological
procedure (Stokes and Smiley 1968). To ensure annual dating, we visually crossdated
ring widths using the skeleton plotting method. We measured all rings to 0.001 mm
accuracy using a measuring stand and binocular microscope and statistically confirmed
crossdating using COFECHA (Holmes 1983). We averaged ring widths from all cores
per tree and scaled measurements from radius to diameter.
We used regional, species-specific allometric equations to calculate aboveground
biomass increment of each living tree (Appendix A). Because developing site-specific
equations is beyond the scope of this paper, we selected equations from published studies
that most closely matched the relevant diameter range, forest type, and species. We used
equations either of the form M = a × Db or ln(M)= a + b × ln(D), where M is total
aboveground dry weight of the tree (stem, branches, foliage) in kg, D is stem diameter in
cm, and a and b are species-specific coefficients. To calculate annual biomass increment
of each tree, we subtracted previous ring increments from the current diameter and
reapplied allometric equations on the reconstructed diameter (Davis et al. 2009). We
define aboveground net primary productivity (aNPP) as the total sum of annual biomass
increment of all trees in a plot. We assume carbon content to be 50% of dry weight, per
standard conventions (Fahey et al. 2005). For the nested plots (Howland and Harvard), a
plot total was defined as the per hectare sum of the inner plot (all trees ≥10cm and <
20cm) and the outer nest (all trees ≥ 20). A site average was defined as the average of all
plots, and inter-plot variability represented as the range of estimates of the three plots. All
calculations and data management were performed in R (R Core Development Team
2008).
Permanent plot productivity estimates
At Howland, a 3 ha permanent plot (with 48 subplots, each 625 m2) was
established in 1989, and all trees > 4 cm DBH were measured in 1998, 2002, and 2010
(J.Lee, pers.comm.). The Lyford permanent plot at Harvard Forest was established by
Walter Lyford for long-term forest study in 1969. Covering a 2.88 ha area, the single,
large plot was subdivided into 32 blocks, each 930 m2. Measurements of all trees > 5 cm
DBH were taken in 1975, 1991, 2001, and 2011 (HF Data Archive HF032, Eisen and
Barker Plotkin 2015). Unlike at Howland and Harvard, the Fernow permanent plots are
not spatially contiguous. Ten permanent plots, each 0.5 acres, were established in the
WS4 section of Fernow in 1979. Measurements were conducted on all trees > 5 cm DBH
in 1983, 1989, 1994, 1999, and 2009 (F. Wood, pers comm.).
Because the minimum diameter requirement for sampling varied between the
three forests (4 cm at Howland, 5 cm at Lyford, and 5 cm at Fernow), we subsetted all
permanent plot datasets to include only trees that were at least 10 cm DBH at any time
during the census period to provide consistency with the tree-ring data. Measurements of
trees that grew into this size class from one census to the next were also included to
account for ingrowth. Trees that died in between time steps were attributed zero growth
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for all subsequent intervals. For context, we also provide the full permanent plot datasets
without subsetting to a minimum diameter (Appendix B).
For instances when individual trees were missing a measurement entry for a given
year (measurement error), an interpolated value was calculated using the previous and
subsequent measurement for that tree. Missing values occurring in the final census,
preventing interpolation, were replaced with the average absolute increment for other
trees of the same species.
We calculated aboveground biomass as the biomass of living trees present at each
census year and aNPP as the difference in aboveground biomass of surviving trees
between census points divided by the number of intervening years (Clark et al. 2001) and
applied the same allometric equations used for tree-ring aNPP calculations.
Statistical comparisons
Total area sampled varied between permanent plots and tree-ring plots. We
compared tree-ring aNPP estimates with permanent plot estimates from approximately
equal-sized sampling areas to show biases associated with sample size and display the
extent that our tree-ring sampling area is representative of an equivalent sampling area
from the permanent plots. Total area sampled for tree rings was 3768 m2 at Howland and
the Harvard Lyford plots and 1884 m2 at Fernow. Six census subplots (3750m2) at
Howland, four census subplots (3721 m2) at Harvard, and one census sub plot (2023 m2)
at Fernow approximately equal the total area cored at their respective sites. From the
Howland and Harvard permanent plot data, we drew 10000 random samples of 6 and 4
plots, respectively, and recalculated aNPP to construct a distribution of possible estimates
given a specific sampling size. The small number of subplots at Fernow did not allow for
sufficient random sampling, and aNPP variability was described as the distribution of the
ten individual subplots.
We evaluated differences between the tree-ring and permanent plot estimates with
a Mann-Whitney-Wilcoxon (MWW) test, using the wilcox.test function in R. MWW is a
nonparametric test that tests the null hypothesis that both tree-ring and permanent plot
aNPP estimates come from the same distribution. We used a nonparametric test because
it is difficult to assume normality with so few data points. Additionally, MWW provides
a location parameter that quantifies the extent one distribution over- or underestimates
another distribution. We use the location parameter to examine consistent biases between
tree rings and permanent plots.
Uncertainty
We assessed uncertainty derived from two sources: allometric equations and
upscaling. While we carefully selected allometric equations we considered most
applicable to each study site for our aNPP calculations used in our primary analyses,
these are not the only equations available. We compiled all potentially applicable
allometric equations for all species at each site that could conceivably be used. We
defined “potentially applicable” as equations developed for trees in the
eastern/northeastern United States for an upper DBH limit of at least 25 cm. We
recalculated 1000 iterations of aNPP using the same methods described above, each time
applying a new random set of equations drawn from this pool. From these recalculations,
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we developed a range of aNPP estimates that may result depending on the equations the
researcher chooses to use.
To investigate the extent increasing the size of tree-ring sampling plots could
reduce variability (or, how well the data can be scaled up), we conducted a second round
of Monte Carlo sampling from the Howland and the Harvard permanent plots assuming
the size of each tree-ring plot was increased to a 30 m radius, more than doubling the
hypothetical area to be sampled. This sampling design equates to approximately 13 sub
plots from the Howland permanent plot and 9 sub plots from the Harvard permanent plot
data. At Fernow, where only 10 permanent plots are available, we repeatedly drew
combinations of two plots, approximately doubling the area sampled for tree rings. We
conducted another Mann-Whitney-Wilcoxon test to compare these new simulated
distributions at each site with our original Monte Carlo draws.
RESULTS
aNPP reconstructions
To develop estimates of annual aNPP from tree rings, we measured two increment
cores per stem for 266 live trees at Howland, 287 trees at Harvard Forest (136 at Lyford
plots, 151 at EMS plots), and 132 trees at Fernow. Permanent plots resulted in at least
one measurement of over 7000 trees at Howland, 6000 trees at Harvard Forest Lyford
plots, and 1500 trees at Fernow. We present a more detailed plot inventory describing
biomass distributions by size and species for each of the tree-ring and permanent plots in
Appendix C.
Tree-ring and permanent plot annual aNPP estimates for all sites are shown in
Figure 2. For all census periods and sites, tree-ring aNPP estimates are within the
distribution of possible estimates from 10000 Monte Carlo draws of equal-sized sampling
areas (Figure 2, violin plots). There is considerable variability in permanent plot aNPP
draws for each time interval, ranging from a low standard deviation of 0.20 Mg/ha/year
over the 1975-1991 interval at Harvard Forest to a 0.41 Mg/ha/year standard deviation
over the 2002-2010 interval at Howland. Overall, variability in the Monte Carlo
distributions is lowest for all intervals at the Harvard Forest permanent plots.
The range of individual tree-ring plot estimates for each year (Figure 2, green
ribbons) is minimal at Howland (maximum range of 0.39 Mg C/ha in 2006), Lyford
(maximum range 0.79 Mg C/ha in 1971), and EMS (maximum range 0.53 Mg C/ha in
2010), but is wide at Fernow (maximum range of 5.4 Mg C/ha in 2001). While aNPP
averaged across all tree-ring and permanent plots are commensurate, the tree-ring plot
range at Fernow is large (Figure 2c), and an analysis focused on only one of these plots
could produce aNPP estimates anywhere from 1 to over 6 Mg C/ha in a given year.
Interannual variability in aNPP (assessed as the range of mean annual values over the
study period) is greater for the permanent plot estimates than for tree rings at all sites
(Figure 3). At Harvard Forest, where tree-ring plots were installed within (Lyford plots)
and separate (EMS plots) from the permanent plots, both annual tree-ring aNPP series
correlate significantly over the period 1969-2012 (Pearson’s r = 0.74, p-value<0.001).
Results from the MWW test show significance at the <0.05 level for Harvard
(both Lyford and EMS) and Fernow (Table 2). Significant p-values indicate tree-ring and
permanent plot aNPP estimates are not likely drawn from the same distribution. Results
at Howland are not significant, suggesting the tree-ring and permanent plot aNPP
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populations are equivalent. The test is also not significant when all sites are grouped
together. Location parameters from the MWW test show that tree-ring aNPP is
underestimating permanent plot aNPP at Howland and Fernow and overestimating at
Harvard (Table 2, Figure 4). Tree rings slightly overestimate permanent plots when all
sites are grouped together.
Uncertainty
MWW tests between the random permanent plot draws of equal area to the treering plots and random draws simulating a hypothetical larger tree-ring sampling area are
not significant for Howland (p-value = 0.05), Harvard (p-value = 0.18), or Fernow (0.65),
indicating that there is not a statistically significant difference in aNPP estimates when
the sampling area is increased in this manner. However, increasing the area sampled
tightens the variability around the mean (Figure 5). Standard deviation decreases from
0.21 to 0.15 at Howland, 0.30 to 0.19 at Harvard, and 1.08 to 0.61 at Fernow.
Changing the set of species-specific allometric equations applied to aNPP
calculations has little effect on the interannual variation in aNPP (this is controlled by
tree growth), but can considerably influence magnitude of aNPP (Figure 6). Depending
on the set of equations applied, tree-ring aNPP estimates at Howland vary by as much as
0.25 MgC/ha/year (Figure 6a), 0.60 MgC/ha/year at the Harvard Lyford plots (Figure 6b),
0.55 MgC/ha/year at the Harvard EMS plots (Figure 6c), and 5.10 MgC/ha/year at
Fernow. The aNPP calculated by the set of equations we applied for our primary analyses
(Figure 6, green lines) are high relative to the other combinations at Howland, and low at
Harvard Lyford, Harvard EMS, and Fernow.
DISCUSSION
In our analysis of three eastern U.S. forests, we have shown that tree-ring aNPP
estimates are within the distribution of permanent plot subsets equal to the tree-ring area
sampled (Figure 2). Because of this agreement, we claim that both tree-ring and
permanent plots are producing estimates that are within a reasonable proximity. While we
show that tree-ring aNPP estimates at all sites is within the range of permanent plot
estimates if equal-sized sampling areas are considered, tree-ring aNPP tends to
overestimate permanent plot aNPP at Harvard and Fernow and underestimate at Howland
when the mean of all 10000 resamples of the permanent plot dataset is considered (Figure
4). Because the permanent plots at our sites cover 2-3 ha of forest, we consider these
aNPP estimates to be generally representative of the stand, with our tree-ring aNPP
overestimating stand-level aNPP at Harvard and Fernow and underestimating at
Howland.
To absolutely resolve the issue of a mismatch in sampling area between both
methods would require tree-ring aNPP reconstructions from every tree within the
permanent plots or every tree within an equivalent sized area, which is not a dataset we
have developed at this time. When co-located permanent plot data is available, however,
an approach similar to our equal-area resample can help contextualize tree-ring aNPP
estimates from a particular sampling area. The ability to contextualize tree-ring aNPP
estimates with permanent plots is becoming increasingly more possible, as sites that have
prioritized co-location of long-term ecological datasets, including those in this study, are
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developing longer and longer growth records from permanent plots (e.g. Woods 2007,
Anderson-Texeira et al. 2015).
However, many attempts at using dendrochronology to retroactively calculate
aNPP are beset with numerous biases inherent in the sampling design (Bowman et al.
2013, Nehrbass-Ahles et al. 2014). Some common problems include the “modern
sampling bias”, in which only trees alive at the time of sampling are analyzed (Cherubini
et al. 1998, Briffa and Melvin 2011), the “slow-grower bias”, which assumes older trees
have slower growing rings (Bigler and Veblen 2009, Brienen et al. 2012), the “big-tree
selection bias”, in which only the largest, most dominant trees are sampled, common in
dendrochronology (Brienen et al. 2012), the “pre-death suppression bias”, in which a
growth decrease is observed due to the inclusion of old, slow-growing trees in the
analysis (Wyckoff and Clark 2002, Pederson 1998), and the “fading record bias”, in
which an apparent decrease in growth in seen back in time due to trees that are not
included because they died before the time of sampling (Foster et al. 2014).
Because permanent remeasurement plots track growth as it occurs, these data are
less affected by these biases. Recognizing the presence of these biases in tree-ring aNPP
reconstructions, we attempted to control for them in the following ways: i) We sampled
all trees over a specified dbh threshold within our delineated plots. This minimizes biases
associated with only including the oldest, most dominant trees in a stand, and follow a
“fixed-plot” design, shown to be the most effective sampling method for obtaining aNPP
estimates (Babst et al. 2013). However, we are still missing growth information on trees
that died during the study period. ii) We have only included aNPP estimates from the
previous 30-40 years. Many of these biases increase in magnitude further into the past,
but our aNPP reconstructions are not obviouly affected over this short time period.
However, when increasing the study extent to > 60 years before present, the aNPP
estimates plummet unrealistically (Appendix D). iii) By calculating aNPP as an areal
mass sum (Mg C/ha), we obtain a plot-level aNPP measure, minimizing abnormal
contributions of individual trees to growth in every year.
Two other problems are associated with using tree growth specifically to
reconstruct aNPP: using species-specific allometric equations to translate diameter
growth to aboveground carbon gain and the ability to upscale plot-based estimates to
make inferences at the stand or ecosystem scale. Site-specific allometric equations are
rarely available, and researchers must use their judgement to select a set of equations
published for other sites. There is no sampling standard for creating these equations, and
local differences in tree growth may also exist. For this study, we carefully selected the
best equations to use based on criteria of geographic proximity to study sites and the size
distribution and number of trees from which the equations were developed. However,
randomly chosen selections of equations drawn from the entire set of potentially
applicable published equations generates a large range of aNPP magnitudes (Figure 6).
While many of the equations from this set would likely not be applied to a particular site
(e.g. most researchers would not apply the equation developed by Young 1984 for red
maple in Maine to red maples in West Virginia), Figure 6 shows the wide range in aNPP
that results when equations are not carefully chosen. Despite efforts to apply the best
equations given our criteria, it is still impossible to absolutely validate their accuracy
without having explicit allometric information from each site. Constraining the
uncertainties surrounding allometric equations is an urgent area of research that is
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actively being addressed (Dietze et al. 2006, Nickless et al. 2011, Alexander et al. 2015).
Problems surrounding allometric equations effect both tree-ring and permanent plot aNPP
calculations equally.
Understanding the extent that plot-based aNPP estimates can be upscaled to the
stand or ecosystem scale is another area of inquiry, complicated by landscape-level
changes in vegetation composition, age, and structure. We addressed the upscaling
problem in our data by comparing distributions of permanent plot aNPP estimates
calculated from two different areal extents, one equal to the area sampled in our tree-ring
plots, and one simulating an approximately two-fold increase in tree-ringsampling area
(Figure 5). These two distributions were not significantly different for any of our three
sites, indicating that increasing the sampling area does not provide estimates that are
significantly better. But, the spread of potential aNPP estimates does decrease, which
would continue to occur until a sampling area equivalent to the permanent plots is
achieved, and we can expect the tree-ring aNPP estimates to move closer to the
permanent plot (stand-level) aNPP estimates as we increase our sampling area.
Further upscaling beyond the stand is problematic due to potential larger-scale
variations that cannot be addressed using our localized datasets (Fahey et al. 2015). Fully
addressing the problem of upscaling past the stand level will likely involve integrating
multiple data sources developed at various scales, including remote sensing, eddy
covariance, and modelling in addition to tree rings and permanent plots. Our present
comparison of tree-ring and permanent plot aNPP adds to a growing body of literature
working toward this goal (e.g. Rocha et al. 2006, Bunn et al. 2013, Babst et al. 2014,
Girardin et al. 2014, Klesse et al. 2016, Rohner et al. 2016). Additionally, aNPP
upscaling estimates for forests of high heterogeneity may be even more difficult because
a particular sampling plot will not necessarily include all representative species or habitat
types (e.g. ridges, valleys, riparian areas). Both our tree-ring and permanent plot aNPP
estimates at Fernow, which has high species diversity and contrasting topography, have a
considerably wide range between individual sampling plots (Figure 2). This range is less
pronounced at both Howland and Harvard, which have more homogeneity in species and
topography. We discuss this in more detail along with a biomass plot inventory in
Appendix C.
CONCLUSIONS
Permanent plots are the ecological standard for tracking productivity of forest
stands over time and are an ideal dataset for contxtualizing aNPP estimates developed
from tree-ring plots. Comparisons such as our study are a necessary step towards
developing more complete, multi-method datasets. Since many of the strengths and
weaknesses of each method are complementary, combining data sets can improve detail
and applicability of long-term measurements. As permanent plot data becomes available
over more years at more sites, we encourage continued research combining co-located
tree-ring records to further develop what we have presented here for three Eastern United
States forest sites. Combining these two data sources provides opportunities for modeling
of spatial, temporal, and ecological dynamics of annual aNPP at a variety of scales.
Additionally, we promote the continued use of tree rings to estimate aNPP for forests that
differ in species composition, age, rates of productivity, and disturbance histories. As we
have outlined in our paper, using tree rings to reconstruct aNPP comes with numerous
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challenges. But, the detailed temporal and spatial resolution of these data make
surmounting these challenges worthwhile. Tree rings are still a relatively rarely used
method for estimating aNPP, and broadening the diversity of sites where they have been
applied will further develop the advantages and limitations of using tree rings in carbon
cycle research.
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Table 1: Summary characteristics of the three study sites.
Site

Forest type

Method

Time scale†

Reference

Tree rings

1989-2013

this paper

Howland

Dominants: P.rubens,
T. canadensis
Approx. age: 140 yrs

Permanent plots

1989,1998, 2009

J. Lee, pers
comm

Dominants: Q. rubra,
A. rubrum
Approx. age: 115 yrs

Tree rings (Lyford)
Tree rings (EMS)

1969-2012
1969-2012

this paper
this paper

Permanent plots

1969,1975,1991,
2001, 2011

HF Data
Archive HF032

Harvard

Dominants: Q. rubra, Tree rings
1979-2002
Davis et al.
Q. montana,
2006
Fernow
A.rubrum,
Permanent plots
1979,1983,1989,
F.Wood,
A.saccharum,
1994,1999, 2009
pers comm
P.serotina
Age: 100 yrs
†
Range of annual data (tree rings) or years when measurements ocurred (permanent plots).

Table 2. Results of the Mann-Whitney-Wilcoxon test of equality of tree-ring and permanent plot aNPP.

†

Site

p-value

Howland

0.51

Location parameter
(95% CI) †
0.15 (-0.3, 0.18)

Harvard Lyford

0.03*

-0.29 (-0.51, -0.01)

Harvard EMS

0.03*

-0.19 (-0.52, -0.06)

Fernow

0.03*

0.59 (0.12, 1.04)

All

0.37

-0.11 (-0.42, 0.39)

Tests were conducted as permanent plots against tree rings, so positive values indicate overestimation by
permanent plots and negative values overestimation by tree rings.
*Significant at <0.05 level

24

Figure 1. Map of three study sites included in this analysis: Howland Research Forest,
Harvard Forest, and Fernow Experimental Forest.
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Figure 2. Graphical comparisons of tree-ring aNPP versus permanent plots at A)
Howland Research Forest, B) The Harvard Forest, and C) Fernow Experimental Forest.
Green ribbons represent the range of aNPP across all tree-ring sampling plots, with the
mean marked by the black line. At Harvard, grey ribbons represent the EMS tree-ring
plots, and green ribbons the Lyford tree-ring plots. Beige violin plots show the
distribution of aNPP estimates from 10000 random subsets of the permanent plot data
equal to the area cored. At Fernow, violin plots represent the distribution of aNPP from
all 10 sub plots. Error bars denote 95% confidence intervals for the resampled
distributions.
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Figure 3. Tree-ring aNPP is plotted against permanent plot aNPP for all remeasurement
intervals at the three sites. Error bars are +- 1 standard error above the mean for tree rings
(horizontal) and permanent plots (vertical). The black dashed line represents the 1-to-1
relationship. Points above this line indicate underestimation by tree rings and points
below indicate overestimation by tree rings.

Figure 4. Boxplots showing the distribution of annual tree-ring aNPP estimates across all
years overlapping with permanent plots. Biege boxplots show the distribution of aNPP
for all permanent plot intervals. Tree rings from the Harvard Lyford and EMS tree-ring
plots are both compared with Lyford permanent plots.
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Figure 5. The distribution of aNPP estimates from permanent plots resulting from 10,000
random combinations of subplots equalling the area sampled by tree rings (solid fill) is
shown against the distribution of estimates from permanent plot draws simulating a larger
sampling area (transparent fill). Green curves are Howland, biege curves Harvard, and
blue curves Fernow.
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Appendix A.
Table A1. Species-specific allometric equations used for biomass calculations.

Species: Abbreviations are first two letters of genus, first two letters of species
Site: Study sites for equations (HOW=Howland, HAR=Harvard, FER=Fernow)
Forms are: A, M = a × Db, B, ln(M)= a + b × ln(D), where where a and b are species-specific coefficients,
D is DBH, and M is aboveground dry weight in kg
DBH: Diameter range for which original equations were developed
n: Sample number of trees included in equation development
Region: Region where equations were developed
Sources are: 1, Brenneman 1978; 2,Chojnacky 2014; 3, Jokela et al. 1986; 4, Smith and Brand 1984; 5,
Wiant 1977; 6, Whittaker 1974; 7, Young 1980.
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Appendix B.
Figure B1. aNPP from permanent remeasurement plots at Howland (green line), Harvard
Forest (beige line), and Fernow (purple line) without subsetting the dataset to include
only trees >10cm DBH. In the primary analysis, we subsetted the permanent plots to
include only trees >10cm DBH to match the diameter cutoff used for tree-ring sampling
to ensure the most accurate comparison possible.
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Appendix C.
Species diversity varies between the three forests studied. We recorded 8 species
at Howland, 20 species at Harvard, and 29 species at Fernow. Species composition better
matches permanent plot composition for all sites when all tree-ring plots are aggregated
(Figure C1). At Howland, most standing biomass in tree-ring plots is distributed between
the two dominant species, red spruce (36% of total biomass) and eastern hemlock (42%).
Red spruce (46%) more clearly dominates standing biomass at the permanent plots,
however, than does eastern hemlock (26%). Other minor differences between the
aggregated tree-ring and permanent plots at Howland include a higher percentage of
balsam fir and northern white cedar (“other conifer” category, Figure C1) in the
permanent plots. Red oak dominates both the Lyford and EMS tree-ring plots at Harvard
Forest and is slightly more common in tree-ring plots (>80%) than permanent plots
(70%). Red maple and American beech contribute most of the remaining biomass at each
plot. At both Howland and Harvard Forest, all representative species were included in
both the tree-ring and permanent plots. At Fernow, however, locally common species
such as black cherry, shagbark hickory (Carya ovata Mill.) and white ash (Fraxinus
americana L.), are prevalent in the permanent plots but were not present in any of the
tree-ring plots. Additionally, American basswood, which is prevalent in one tree-ring
plot, is nearly absent from the permanent plots.
Variability in species biomass composition between tree-ring plots at Howland
and Harvard is minimal but is more pronounced at Fernow, where representative species
are not present across all plots (Figure C2). While plot-level compositional differences do
exist at Howland (e.g. a higher percentage of red spruce at plot HOW1, and a higher
percentage of eastern hemlock at plot HOW3), red spruce and eastern hemlock combine
for over 75% of total biomass at each tree-ring plot. Red maple, eastern white pine, and
northern white cedar comprise most of the remaining biomass. At Harvard Forest, red
oak overwhelmingly dominates each tree-ring plot (Figure C2). However, the EMS treering plots have a higher percentage biomass of eastern hemlock, eastern white pine, and
birch species than do the Lyford tree-ring plots, though these species still contribute a
small percentage compared to red oak. Like Howland, the species composition at Harvard
is fairly homogeneous, and the variability that does exist is minor compared to Fernow,
which is reflected in the lower variability in aNPP estimates. At Fernow, despite high
variability in overall species composition between tree-ring plots, oaks (red, black, and
chestnut), maples (red and sugar), and American beech are dominant across most plots
(Figure C2). However, many species other than oaks and maples are present and can be
locally dominant or completely absent in some plots. Standing biomass of tree-ring plot
FER1303 is 80% American basswood, a disproportionately high proportion relative to the
other tree-ring plots. Fernow plot FER1301 consists entirely of maple and American
beech, and plot FER1305 only contained eight living trees from which a suitable core
was obtained relative to the site average of 14 trees per plot.
Size diversity also contributes to both variability between tree-ring plots (Figure
C3) and between aggregated tree-ring and permanent plots (Figure C4), although
differences are less pronounced than for species diversity. Mean tree diameters at each
Howland tree-ring plot are 23.1 cm, 28.0 cm, and 29.5 cm, with fairly symmetrical
variability around these means at all plots. At Harvard, mean DBH for each tree-ring plot
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is 30.4 cm, 26.1 cm, and 28.2 cm at the three Lyford plots and 27 cm and 23 cm at the
two EMS plots. Mean DBH at each Fernow tree-ring plot is 24.8 cm, 23.6 cm, 25.1 cm,
27.6 cm, 25.2 cm, and 34.6 cm. Size distributions at Harvard and Fernow are positively
skewed. The relatively similar size distributions of plots within each site suggests that the
size distribution of the forest is well captured by the current sample.
Average tree size from aggregated tree-ring plots slightly overestimates tree size
from the permanent plots at Howland and Harvard, but underestimates at Fernow (Figure
C4). Overestimation of tree-ring plots is most apparent at Howland, where the average
DBH of tree-ring plots is 26.7 cm versus 22.9 cm in the permanent plots. At Harvard,
average DBH from tree-ring plots is 27.9cm (Lyford) and 25.2 cm (EMS) compared to
24.1 cm in the permanent plots. Fernow average tree-ring DBH is 26.9 cm,
underestimating the 28.2 cm average in the permanent plots.
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Figure C1. Species percentages of total biomass for all aggregated tree-ring and
permanent plots. For simplification, eastern white pine, northern white cedar, and balsam
fir were grouped into the “other conifer” category, nondominant hardwoods grouped into
the “other hardwood” category, all maples (red and sugar) into the “maple” category, and
all oaks (red, white, black, chestnut) grouped into the “oak” category. At Harvard the
“oak” category is nearly exclusively red oak.

Figure C2. Species percentages of standing biomass at each tree-ring plot. Plot
abbreviations are the name of the site followed by the plot number. Species color codes
are identical to Figure C1.

34

Figure C3. Probability density distribution with histogram of stem diameter at each treering plot. Plot abbreviations are the same as described in Figure C2.

Figure C4. Probability density distribution with histogram of stem diameter for
aggregated tree-ring and permanent plots. Green curves are tree-ring diameters and beige
curves are permanent plot diameters. At Harvard, the green curve denotes the Lyford
tree-ring plots and the blue curve the EMS tree-ring plots.
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Appendix D.
Figure D1. Here, we plot the full tree-ring chronology of aNPP at Howland (green),
Harvard Lyford (biege), Harvard EMS (purple) and Fernow (blue). Though the records
go back >100 years at Howland and the two Harvard Forest sites, there is an unrealistic
crash in aNPP starting around 60 years before present. This is a recognized issue with
reconstructing forest growth from tree rings, prominently depicting the “modern
sampling bias” and the “fading record bias.”
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ABSTRACT
Forests of Eastern North America have considerable potential as future carbon sinks, and
understanding the destination of biomass growth in these forests has implications for
managing these forests to facilitate carbon sequestration. Recent studies have suggested
that big trees are important contributors to forest carbon sequestration because of their
capacity for both massive storage and accumulation. Here, I compile a diverse
dendrochronological network of 16 Eastern U.S. temperate forests. At each site, I
compare the diameter frequency distribution with the diameter distribution weighted by
annual basal area increment (BAI) over a 42 year study period (1970-2011). For all 16
sites, the mean of the BAI-weighted distribution is greater than the mean diameter,
indicating disproportionate growth of big trees. For most sites (n=12), the difference
between the means of both distributions increases over time, indicating increased
concentration of growth in big trees. Alternatively, the difference between means is
decreasing at two sites, indicating decreased concentration of growth in big trees. To nest
my findings in the entirety of the Eastern U.S. temperate forest, I duplicated my analyses
with the USFS Forest Inventory and Analysis (FIA) plot-level remeasurement data
(n=34,445 plots). Typically, the mean diameter of the BAI-weighted distribution remains
greater than the mean diameter of the frequency distribution, but has a much larger range
than our sampled data. Several FIA plots indicate disproportionate production of smaller
trees (i.e. the mean diameter of BAI-weighted distribution is less than the mean
diameter), an outcome not seen in any of our sampled sites. Overall, this work provides a
unique and highly detailed description of structural biomass dynamics in the eastern U.S.
temperate forest region.
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INTRODUCTION
Defining the potential of forests as sinks of atmospheric carbon requires a complete
understanding of where carbon is allocated in forests. To address this need, scientists
must continue to develop and share high-quality scientific information on the interannual
dynamics of carbon in forests from an ecological perspective. In the diverse forests of
eastern North America, investigating temporal and spatial distributions of biomass
allocation according to species (Eisen and Barker Plotkin 2015, Dye et al. 2016) and
canopy position (Alexander 2017a) can add valuable information that is lost by grouping
total forest carbon sequestration under a single umbrella. Investigating the structural
distribution of biomass production also holds potential to add invaluable detail to our
understanding of the forest carbon cycle, as forest structure and disturbance has been
hypothesized to significantly impact biomass dynamics (Pan et al. 2011, Gough et al.
2016, Holdaway et al. 2017).
Knowing when, where, and why carbon is distributed in forests is of vast practical
value. Currently, over 860 trillion kg of carbon are stored in the world’s forest
ecosystems (Pan et al. 2011). This mass is of similar magnitude to carbon residing in the
atmosphere, predominantly in the form of greenhouse gases like carbon dioxide and
methane (Houghton 2007). Forests have remained a net sink of carbon over recent
decades, sequestering from 1 – 3.5 trillion kg per year (Pan et al. 2011, Federici et al.
2015), and have been increasing in their rate of sequestration continuously over recent
years (Le Quere et al. 2015). Along with oceans, forest ecosystems remove
approximately 50-60% of fossil fuels emitted to the atmosphere (Bousquet 2000, Goodale
et al. 2001, Pan et al. 2011). The maintenance and growth of the forest sink is essential as
a potential mitigator of greenhouse gas concentrations in the atmosphere, and can be a
significant contribution to meeting international economic and management goals of
carbon sink shares that are cheaper and simpler than other options (Tubiello et al. 2015,
Grassi et al. 2017). In terms of carbon density, tropical forests account for much of the
forest carbon sink (Pan et al. 2011), but rapid deforestation in tropical forests has offset
the growth of this sink (Archard and House 2015). Alternatively, carbon sequestration
rates in the eastern North America temperate forest region have been increasing in recent
years (Goodale et al. 2001, Pacala et al. 2001, Woodbury et al. 2007). Recognizing this
potential, much research has been directed towards understanding how forest
management practices can maintain or increase the carbon sink of eastern U.S. temperate
forests (Fahey et al. 2010, D’Amato et al. 2011, McKinley et al. 2011, Birdsey and Pan
2015, Ford and Keeton 2017).
In temperate forests, the majority of carbon resides in one of three pools: soils and
woody debris, belowground plant parts (roots), and aboveground plant parts (trunk,
branches, trees). Aboveground biomass is the most dynamic of these pools with potential
for rapid carbon gains (Fahey et al. 2010). Studies using tree ring and periodic
remeasurement census data estimate stand-level aboveground biomass accumulation in
forests of the Midwest and Northeastern U.S. on the order of 1000-3000 kgC/ha/year
(Spetich and Parker 1998, Davis et al. 2010, Xu et al. 2012, Eisen and Barker Plotkin
2014, Foster et al. 2014, Woods 2014, Dye et al. 2016). If the aboveground biomass
dynamics of these forests remain active, they can contribute significantly towards
continued atmospheric carbon offsets. Empirical evidence of eastern U.S. old growth
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forests shows a wide array of observed biomass accumulation trajectories, including
continued accumulation in centuries-old stands (Keeton et al. 2011). Secondary forests
have been estimated to contain on average 107,000 kg/ha of aboveground biomass
(Birdsey and Lewis 2003), with potential to reach maximum values of 250-450,000 kg/ha
observed in old growth forests (Keeton 2011, Woods 2014, McGarvey et al. 2015).
Studies show biomass accumulation of individual trees has potential to continue with
increasing tree size, facilitating carbon sequestration for hundreds of years (Sillett et al.
2010, Stephenson et al. 2014, Trotsiuk et al. 2016, Gray 2016, Foster et al. 2016). These
numbers indicate potentially significant carbon gains in future years and highlight the
importance of definining the structural distribution of biomass growth.
Site-specific studies in the eastern U.S. have shown that the structural distribution
of live aboveground biomass is heavily skewed towards the largest trees in secondgrowth (Shuster et al. 2008, Eisen and Barker Plotkin 2016) and old growth forests
(Woods 2007, Woods 2014, McGarvey et al. 2015), despite being outnumbered by
smaller trees. Additional work suggests that large trees may also sequester carbon at a
higher rate than small trees (Trotsiuk et al. 2016, Foster et al. 2016). The significance of
large, massive trees for aboveground live carbon storage has been studied globally, but
most research has targeted relatively undisturbed forests with bias to the Amazon and
northwestern North America (Stegen et al. 2011, Lutz et al. 2012, Slik et al. 2013, Fauset
et al. 2015). Temperate forests of the eastern U.S., however, exhibit a wide range of
structural characteristics, disturbance histories, and successional development and the
structural dynamics of biomass and biomass growth may varies across the forest region.
This diversity, combined with high future carbon sequestration potential, demands
continued study into forest carbon dynamics of temperate forests.
Here, we use 42 years of dendroecological reconstructions of basal area increment
(BAI) to quantify in detail the structural distribution of biomass growth across a network
of 16 sites of differing stand age, species composition, stand-level productivity, and
disturbance history in the eastern U.S. temperate forest. Because of their unqique spatial
and temporal resoultion, dendroecological methods have been shown to be informative
and reliable indicators of biomass growth (Davis et al. 2009, Xu et al. 2009, Babst 2014a,
Babst et al. 2014b). Additionally, we duplicate our analyses using plot-level data from
34,445 United States Forest Service Forest Inventory and Analysis (FIA) remeasurement
plots that are representative of the forest types across the eastern U.S.. To our knowledge,
no studies have presented a comprehensive synthesis of the interannual variabillity of the
structural distribution of biomass growth across the eastern U.S. temperate forest region.
Overall, we are interested in a single overarching question: where, structurally, does
biomass growth occur in eastern U.S. forests? Specifically, I support this question by
investigating the following hypotheses:
1) The frequency distribution of tree diameters and the distribution of diameters
weighted by BAI are statistically identical for our sampled sites. If they are
identical, this suggests that the structural distribution of BAI occurs in proportion
to the number of trees. Alternatively, there could be disproportionate growth of
either big or small trees.
2) Results from hypothesis 1 for our sampled data are identical to highly replicated
USFS FIA data that are representative of eastern U.S. forests.
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3) Over time, the slopes of the mean tree diameter and mean tree diameter weighted
by BAI are identical. This hypothesis asks whether the difference in both
distributions remains constant over time. Alternatively, productivity of big trees is
increasing faster (slope of mean diameter weighted by BAI is steeper than mean
diameter) or slower (slope of mean diameter is steeper than slope of mean
diameter weighted by BAI).
METHODS
Study Sites
We included data from circular mapped sampling plots at 17 sites across the
eastern United States (Figure 1). Site characteristics, sampling design and references are
presented in Table 1. All sites were sampled between 2011-2016. For all sites, we used a
variation of a mapped-style sampling design, shown to be most successful in developing
dendroecological reconstructions of biomass growth (Nehrbass-Ahles et al. 2014).
Diameter and basal area increment reconstructions
We took increment cores from all trees according to the sampling designs
described in Table 1. When possible, we took 2-3 cores at breast height (approximately
1.4 m) to minimize the effects of growth asymmetry. Using standard dendrochronological
techniques, we measured annual growth rings to the nearest 0.001mm and crossdated by
species within a site. When we had multiple cores for a tree, we averaged the ring widths
for all radii. We recorded tree diameter (DBH) at time of sampling in the field. By
subtracting the ring width in the previous year from the recorded diameter, we
retroactively estimated past diameters for each tree. Since all sites had a minimum
sampling limit of 10 cm diameter, we stopped diameter reconstructions for a tree once it
became less than 10 cm.
We calculated basal area of each tree using our annually reconstructed diameters.
To obtain basal area increment, we then subtracted the basal area in the previous year
from basal area in the current year (Davis et al. 2009, Dye et al. 2016). All individual-tree
annual increments are presented in units of cm2. Dendroecological methods are ideal for
extending the temporal resolution by providing long-term, annual data and are frequently
employed to study forest productivity (Davis et al. 2009, Babst et al. 2014b, Dye et al.
2016). Basal area growth is a good metric of aboveground stem productivity because it
represents area instead of diameter growth (Babst et al. 2014a), while also avoiding the
tenuous assumptions and uncertainties associated with using allometric equations to
predict biomass (Fatemi et al. 2011).
FIA dataset
We included United States Forest Service Forest Inventory and Analysis (FIA)
remeasurement data (apps.fs.usda.gov/fia/datamart, accessed Nov. 11 2016) to assess
how representative our dataset is of eastern U.S. forests, despite extensive geographical
gaps in our sites sampled and a bias towards hemlock-northern hardwood forest types.
Although arguments could be made for several alternative definitions of eastern U.S.
forests, we opted for a crude delineation based on state boundaries (Figure 1). This
encompasses the majority of the range of most of the forest regions in which each of our
sampled sites reside.
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A subset of the FIA trees have been remeasured more than once, and we extracted
those trees with remeasurements between 2004 and 2014. Since there is not a
comprehensive sampling schedule, all trees were not remeasured in the same years, nor
were all trees remeasured the same amount of times. To deal with this, we extracted only
the most recent remeasurement interval for each tree. In doing this, we degrade our
information slightly by assuming that trees growing between 2004-2014 are experiencing
similar environmental conditions. This is simply a first-pass attempt to judge whether our
data are close to the FIA data. Sampling diameter and previous sampling diameter (if it
was remeasured) are recorded by FIA (fia.fs.fed.us/library/databasedocumentation/current/ver611
/FIADB_User_Guide_P2_6-1-1_final). FIA protocol inventories all stems > 2.5 cm
diameter. For each county in the FIA, we calculated annual basal area increment of each
tree by subtracting the basal area from the subsequent remeasurement and dividing by the
number of intervening years.
Size-related distribution of basal area increment
For each site and year, we constructed two diameter distributions: tree frequency
(DBHFREQ) and basal area increment (DBHBAI). DBHFREQ is simply the frequency
distribution of tree sizes, while DBHBAI is the distribution of tree sizes weighted by BAI.
Additionally, we constructed identical distributions for each FIA remeasurement plot (n =
34,445). In this paper, we considered diameters as the initial diameter at the beginning of
the growing season, coupled with the subsequent BAI over the growing season.
Temporal trends in DBHFREQ and DBHBAI
Central tendency for both DBHFREQ and DBHBAI are characterized by the mean
DBH; for DBHFREQ this is simply the mean diameter, while DBHBAI is calculated as the
BAI-weighted mean diameter. A mean DBHBAI greater than mean DBHFREQ indicates
that larger trees are disproportionately productive, whereas equal mean DBHBAI and
mean DBHFREQ indicates that all tree sizes are proportionally productive. Since there is a
directional increase in tree size over time as trees grow, the mean diameters exhibit a
positive trend. We quantify magnitudes of mean diameter trends for both DBHFREQ and
DBHBAI as the slope of the linear regression equation: DBH = slope(Year) + intercept.
Comparisons of these trends will fit one of three categories: 1) Slope DBHBAI > slope
DBHFREQ, i.e. BAI becomes more concentrated in big trees over time; 2) Slope DBHBAI <
slope DBHFREQ, i.e. BAI becomes less concentrated in big trees and more concentrated in
smaller trees over time; or 3) Slope DBHBAI = slope DBHFREQ, i.e. the relationship
between DBHFREQ and DBHBAI is constant over time. To test the null hypothesis that
there is no difference in the slopes of the two lines, we used an analysis of covariance test
between the linear regression lines for DBHFREQ and DBHBAI using the aov() function in
R to test the null hypothesis that there is no difference in the slopes of the two lines.
Equality of DBHFREQ and DBHBAI distributions
To accurately compare between sites, we first standardized the diameters of the
trees at each site using a z-score transformation where z = (DBHi mean(DBHi….j))/sd(DBHi….j). The standardized diameters have a new mean of zero;
mean DBHFREQ is thus 0. Mean DBHBAI is represented as the mean z-score weighted by
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BAI. The distance of mean DBHBAI from 0 provides a measure of the offset between
DBHFREQ and DBHBAI that is comparable between sites. Similarly, I calculated
standardized diameters for each of the FIA remeasurement plots included in this study,
and calculated the mean DBHBAI for each plot. The distribution of all mean differences
provides a highly replicated summary of this relationship across the Eastern U.S. forest to
compare with our sampled dendroecological data. To statistically define the relationship
between both means, I conducted a t-test of equality of means on each sampled site
(n=16, only for final remeasurement period, 2011). Since the mean is only one estimate
of the central tendency, I also conducted a Kolmogorov-Smirnov test for equality of the
DBHFREQ and DBHBAI distributions. It is unlikely that two distributions with statistically
different means will come from identical distributions, but two distributions with
identical means could alternatively have differently shaped distributions. Significance
levels for both the t-test and Kolmogorov-Smirnov test were adjusted with a Bonferonni
correction to account for multiple comparisons across 16 sites.
Basal area increment to size quartiles
To better categorize the size-related distribution of basal increment, we divided
our data into diameter size quartiles: Big, Upper Middle, Lower Middle, and Small. We
divided into quartiles by ranked percentile rather than as a fixed diameter cutoff to
account for the different sampling designs and diameter distributions across sites and
years. This allows each year and site to have unique quartiles representative of its specific
structural characteristics. Organizing size classes according to these criteria is subjective
but gives us valuable information on the extremes (i.e. the upper 25% and lower 25%
represent the exceptionally large and small) while still retaining information on the midsize trees. The annual proportion of site-level BAI allocated to each quartile is calculated
as the sum of the BAI of all trees in each quartile divided by the total BAI of all trees at
the site.
RESULTS
Size-related distribution of basal area increment
Histograms of raw-data, non-standardized DBHFREQ and DBHBAI for the final
growth interval, 2011, show that DBHBAI is skewed to the right of DBHFREQ for all 16
sampled sites (Figure 2; Supplemental Gifs A and B). The shape of DBHBAI as well as
the relationship between DBHBAI and DBHFREQ varies interannually – this variation is
depicted as a series of animations (Supplemental Gifs A and B). Each of the 16 site
animations cycles through 42 years (1970-2011) of changing DBHFREQ and DBHBAI.
Temporal trends in DBHFREQ and DBHBAI
Slope of both mean DBHBAI and mean DBHFREQ are consistently positive from
1970-2011, indicative of the forward growth trajectory of forests over time (Figure 2;
Supplemental Gifs A and B). Results of analysis of covariance indicate that slopes of
mean DBHBAI and mean DBHFREQ are statistically different at all sites except Morgan
Monroe and UMBS (Table 1). At both of these sites, the difference between mean
DBHBAI and mean DBHFREQ remains constant over time, despite the positive slopes and
growth trajectories. At most sites (n = 12), DBHBAI has a steeper slope than DBHFREQ,
indicating that mean DBHBAI and mean DBHFREQ are becoming more disparate over time,
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with increasing quanties of site-level BAI allocated to large trees. Alternatively, the slope
of DBHFREQ is greater than DBHBAI at two sites (Gill Brook and Palmaghatt). At these
sites, mean DBHBAI and mean DBHFREQ are also becoming more disparate over time;
but, BAI is becoming increasingly less concentrated in large trees.
Equality of DBHFREQ and DBHBAI distributions
Kolmogorov-Smirnov tests for equality of the DBHFREQ and DBHBAI distributions
are significant for 12 of 16 sites after application of a Bonferroni correction to correct for
multiple comparisons across the 16 sites (Table 2). T-tests for equality of means are
statistically significant for the 2011 growth interval at all 16 sites, even after application
of more stringent p-values to account for multiple comparisons. This provides evidence
that DBHFREQ and DBHBAI are statistically different distributions. Standardized z-score
transformed mean DBHBAI for the 2011 growth interval are presented in Table 2. Mean
DBHBAI in 2011 ranges from a low of 0.32 at Palmaghatt to a high of 0.84 at Missouri
Ozark. For the FIA remeasurement plots, the average mean DBHBAI is 0.48 for the most
recent measurement interval (Figure 3). This is less than the average mean DBHBAI of
0.64 at the dendrochronological sites in 2011, but still indicates generally
disproportionate production of big trees across the eastern United States (Figure 3).
However, the variability of mean DBHBAI values at FIA plots is higher than our sampled
data (sd = 0.43 for FIA versus sd = 0.15 for sampled sites) and includes several plots with
a negative mean DBHBAI, indicating that disproportionate production of small trees can
frequently still occur.
Basal area increment to size quartiles
On average, 45% of annual BAI was distributed to trees in the Big quartile, with
28%, 17%, and 10% to the Upper Middle, Lower Middle, and Small quartiles,
respectively (Table C1). Proportional growth of Big trees varies from a high of 58% on
average at Huron Mt. Club-West to a low of 34% on average at Gill Brook (Figure 4). At
all sites, the highest percentage of basal area growth typically occurs in Big trees,
followed by Upper Middle, Lower Middle, and Small (Figure 4, Table C1).
DISCUSSION and CONCLUSIONS
Productivity is concentrated in large trees
At each of our sampled sites, basal area increment is skewed towards the biggest
trees at a site. Mean DBHBAI is clearly higher than mean DBHFREQ at all 16 sampled plots
throughout the 1970-2011 study period (Figure 2, Supplemental Gifs A and B). Stated
differently, when trees are grouped into size quartiles, approximately 30%-50% of total
site-level BAI is allocated to trees in the Big quartile (Appendix B). Disproportionate
production of big trees similar to the results we present are also shown in other studies: in
a network of central European forest sites, 40% of standing biomass in 2009 resided in
the largest 20% of trees, while only 20% of standing biomass resided in the smallest 40%
of trees (Babst et al. 2014); in a tropical Amazonia study, the largest 50% of tree species
contributed approximately 80% of total aboveground biomass increment (Fauset et al.
2015); in old-growth forests of the Mid-Atlantic, 60% of standing aboveground biomass
was shown to reside in trees larger than 70 cm (McGarvey et al. 2015); in a pine-fir forest

44

in California, big trees comprised less than 2% of stems but nearly 50% of biomass (Lutz
et al. 2012); and size-growth relationships have been shown to exhibit asymmetric
characteristics at western Canadian (Metsaranta and Leiffers 2010) and central European
(Castagneri et al. 2012) forests. In the eastern U.S. specifically, remeasurement surveys
have also shown significant quantities of both standing biomass and biomass increment
concentrated in the largest trees (Schuster et al. 2008, Woods 2014, Eisen and Barker
Plotkin 2015).
Collectively, these works suggest that big trees are major drivers of biomass
dynamics in forests. In principle, this makes ecological sense since the largest diameter
trees are typically the most dominant trees in a stand (Appendix A). In temperate forests
with vertical stratification, dominant trees can preempt incoming light resources,
increasing their growth relative to understory trees, while their higher mass, height, leaf
area, and access to light facilitates potential for greater carbon storage and accumulation
(Craine and Dybzinski 2013, Stephenson et al. 2014). Additionally, while diameter
growth rate may decrease with tree size, mass growth can continue to increase as a tree
gets bigger (Enquist et al. 1999, Sillett et al. 2010). In structurally diverse forests, such as
those of the eastern U.S., big trees are capable of maintaining high levels of biomass
growth for many years (Johnson and Abrams 2009, Foster et al. 2014), contrasting the
age-related biomass growth decline observed experimentally in monospecific, even-aged
stands (Binkley et al. 2002, Ryan et al. 2004). Globally, old-growth forests also may
continue to maintain or increase biomass for hundreds of years as trees increase in size
(Luyssaert et al. 2008, Stephenson et al. 2014). Some work has suggested that the
successional status of a forest plays a role; in central European temperate forests,
Trotsiuk et al. (2016) observed a steep increase of biomass growth in big trees in younger
forests but a shallow increase in older forests, while in eastern U.S. forests Brown et al.
(1997) found that the percent of standing biomass in big trees tends to increase with the
age of the stand.
Structural biomass dynamics of sampled sites vs. FIA plots
Unlike our 16 sampled sites, the scale of the FIA dataset is fairly representative of
the wide range of potential forest types across the eastern U.S (Jenkins et al. 2001). Using
data from 34,445 remeasurement plots, we show that typically, these forests concentrate
biomass in big trees (mean standardized DBHBAI = 0.48). This is slightly lower than the
mean of 0.64 we found in our sampled data; additionally, the spread of site-level mean
DBHBAI is much greater for the FIA plots than for our sampled data (Figure 3). While
most FIA plots have a positive mean DBHBAI, several have a negative mean DBHBAI. A
negative mean DBHBAI is indicative of higher concentrations of biomass growth in small,
rather than big, trees. None of our sampled sites have a negative mean DBHBAI,
suggesting that they might not be entirely representative of the eastern U.S. temperate
forest type.
FIA remeasurement plots in the Midwest and Northeastern U.S. are
predominately in the 40-80 year age brackets (Pan et al. 2011). Typically, our sampled
sites are older than the 40-80 year FIA average, with several second-growth stands in the
100-200 year age range (n = 10), as well as old-growth forests greater than 200 years old
(n = 6). In a comparison with identified old-growth forests, Brown et al. (1999) observed
that FIA plots had at most 20% less biomass in trees over 70 cm than separately studied
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old-growth forests not in the FIA network. Most FIA plots had even less than 20%,
suggesting that the second-growth and old-growth successional stages present in our
sampled plots are not the typical forest type represented by the FIA survey. The lack of
late-successional forest stands in the FIA data has been suspected to contribute to an
incomplete depiction of biomass dynamics in forest models that rely on FIA data (Gunn
et al. 2014). From this standpoint, the additional site-specific detail on late-successional
and old-growth stands at our 16 sampled sites is an invaluable contribution.
Potential drivers of structural biomass dynamics
As a whole, the uneven-aged forests of the eastern U.S. exhibit a variety of
structural characteristics (Leak 1996, D’Amato et al. 2008). These structural
characteristics are largely influenced by unique disturbance histories (D’Amato et al.
2008, Trotsiuk et al. 2016). In temperate forests, localized gap-scale disturbances tend to
be more common than stand-replacing disturbances (Runkle 1982). As a result, these
gap-scale disturbances diversify the structural composition of a forest stand, which can
have long-lasting consequences for biomass growth dynamics (Holdaway et al. 2017).
Following a disturbance, the rate of recovery in terms of carbon sequestration varies
widely geographically (Pregitzer and Euskirchen 2004); in particular, forests of the
northeastern U.S. have a wide variety of biomass trajectories, which can be especially
dependent on disturbance and mortality (Keeton et al. 2011).
In part, the relationship between these fine-scale structural changes and biomass
growth may relate to turnover dynamics. Incomplete representation of mortality in
eastern temperate forests has been shown to complicate carbon modeling accuracy, since
individual stands vary greatly in their site-specific turnover rates (Montane et al. 2017);
others have proposed that many of the unknowns related to forest carbon dynamics can
potentially be minimized by better defining site-level mortality (Friend et al. 2014).
Currently, however, our understanding of how the forest structure created from local
disturbances acts to influence biomass changes in eastern U.S. forests is limited (Gough
et al. 2016). By defining where, structurally, biomass growth tends to occur, our data has
potential to begin clarifying this issue. Further manipulations of this and similar datasets
are well-suited to address complicated questions regarding the interaction of disturbance,
mortality, structure, and biomass, with widespread implications for understanding and
prediciting the size and fluctuations in the forest carbon cycle.
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Table 1. Site characteristics and sampling designs.
Site, State

Forest Region%

Sampling design*

Duke
Hardwood, NC

Oak-pine

Double nested,
3 plots

Gill Brook, NY

Hemlocknorthern hardwood

Goose Egg, NY

Number
of trees
59

Reference

Triple nested,
2 plots

153

N. Pederson,
unpublished

Hemlocknorthern hardwood

Triple nested,
3 plots

216

N. Pederson,
unpublished

Harvard ForestEMS, MA

Hemlocknorthern hardwood

Double nested,
2 plots

145

Dye et al. 2016

Harvard Forest –
Lyford, MA

Hemlocknorthern hardwood

Double nested,
3 plots

133

Dye et al. 2016

Howland, ME

Hemlocknorthern hardwood

Double nested,
3 plots

282

Dye et al. 2016

Huron Mt. ClubRush Lake, MI

Hemlocknorthern hardwood

All trees ≥ 10 cm
DBH, 2 16 m
radius plots

60

A. Dye, unpublished

Huron Mt. ClubWest, MI

Hemlocknorthern hardwood

All trees ≥ 10 cm
DBH, 2 16 m
radius plots

79

A. Dye, unpublished

Missouri Ozark,
MO

Oak-hickory

Double nested,
3 plots

95

Alexander 2017a

Morgan
Monroe, IN

Western
mesophytic

Double nested,
3 plots

69

Alexander 2017a

Pisgah State
Park-North
Round Pond,
NH

Hemlocknorthern hardwood

Triple nested,
3 plots

174

N. Pederson,
unpublished

Pisgah State
Park- Harvard
Tract, NH

Hemlocknorthern hardwood

Double nested,
2 plots

249

N. Pederson,
unpublished

Ohio Oak
Openings, OH

Beech-maple

Double nested,
2 plots

83

Alexander 2017a

Palmaghatt, NY

Hemlocknorthern hardwood

Triple nested,
4 plots

140

N. Pederson,
unpublished

Rooster Hill,
NY

Hemlocknorthern hardwood

Triple nested,
2 plots

167

N. Pederson,
unpublished

UMBS, MI

Hemlocknorthern hardwood

Double nested,
3 plots

161

Alexander 2017a

Alexander 2017a

*Sampling designs: If sampling design is unique to a site, it is described in the table. Otherwise, designs are one of the
following: Triple nested for old-growth forests: Trees ≥10 cm within 10 m radius, ≥ 20 cm within 20 m radius, ≥ 30 cm
within 30 m radius. Double nested in second-growth forests: Trees ≥10 cm within 10 m radius, ≥ 20 cm within 20 m
radius. %Forest regions as defined by Braun 2001.
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Table 2. The slope of the trend line (with standard error) for mean DBHBAI and mean
DBHFREQ over the period 1970-2011 for each of the 16 sampled sites. When slopes are
significantly different (p-value < 0.05), the larger slope is highlighted in bold.
Summaries of the 2011 size-related growth distributions are presented as the standardized
mean DBHBAI. Results of K-S test are presented as p-values. Significance was
determined using a Bonferonni correction applied to account for the 16 duplicated tests.
To maintain significance at an original α = 0.05, the p-value must be < 0.003, or 16/0.05.
Significant sites are bolded in the table. Results for the t-test for equality of means are not
shown because all tests are significant, even after correction for multiple comparisons.

Site

Temporal trends DBHBAI and
DBHFREQ, 1970-2011
Slope
Slope
pDBHBAI
DBHFREQ
value

Standardized
Mean DBHBAI

K-S test
p-values

Duke Hardwood

0.30 (0.01)

0.27 (0.00)

0.01

0.59

0.03

Gill Brook

0.02 (0.02)

0.22 (0.01)

0.00

0.38

0.02

Goose Egg

0.31 (0.01)

0.24 (0.00)

0.00

0.67

<0.003*

Harvard Forest-EMS

0.24 (0.01)

0.2 (0.00)

0.00

0.50
<0.003*

Harvard ForestLyford

0.23 (0.01)

0.2 (0.00)

0.00

0.65
<0.003*

Howland

0.19 (0.01)

0.15 (0.00)

0.00

0.59
<0.003*

Huron Mt. ClubRush Lake

0.24 (0.01)

0.17 (0.00)

0.00

0.65
0.004

Huron Mt. ClubWest

0.19 (0.01)

0.13 (0.00)

0.00

0.75
<0.003*

Missouri Ozark

0.31 (0.01)

0.24 (0.00)

0.00

0.84
<0.003*

Morgan Monroe

0.42 (0.02)

0.45 (0.00)

0.14

0.71

Ohio Oak Openings

0.3 (0.01)

0.23 (0.00)

0.00

0.83

<0.003*

<0.003*
Palmaghatt

0.09 (0.02)

0.23 (0.00)

0.00

0.32
0.05
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Pisgah State ParkHarvard Tract

0.25 (0.01)

0.19 (0.00)

0.00

0.58

Pisgah State ParkNorth Round Pond

0.41 (0.01)

0.28 (0.00)

0.00

0.68

<0.003*

Rooster Hill

0.26 (0.01)

0.2 (0.00)

0.00

0.82

<0.003*

UMBS
Mean

0.18 (0.01)
0.25

0.19 (0.00)
0.22

0.48
-

0.64
0.64

<0.003*

<0.003*

Figure 1. Map of the 16 sampled dendrochronological sites used in this study. Huron Mt.
Club-Rush Lake and West are included in the “Huron Mountain Club” point; Pisgah
State Park-North Round Pond and Harvard Tract are included in the “Pisgah” point;
Harvard Forest-Lyford and EMS are included in the “Harvard” point. States from which
we included FIA data are colored in gray.
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Figure 2. A) mean DBHFREQ (black) and DBHBAI (green) from 1970-2011. B) DBHFREQ and
DBHBAI distributions in 2011 (5-year bins); black – tree count/bin, green - total BAI (cm2)/bin.
Vertical dashed lines match the final value for 2011 on the left graph. Temporal changes in the
histograms are visualized in the attached “Supplemental Gifs A” and Supplemental Gifs B.”
A)
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B)

Figure 2 (cont.)
A)
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B)

Figure 2 (cont.)
A)
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B)

Figure 2 (cont.)
A)
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B)

A)

B)

Figure 3. The distribution of standardized mean DBHBAI for a) 34,445 FIA plots from the
eastern United States and b) 16 sampled dendrochronological sites in the year 2011.
Mean presented as the vertical dashed line. No difference is indicated by the vertical gray
line at “0”. Mean DBHBAI exceeds mean DBHFREQ for sites to the right (disproportionate
big tree growth), and mean DBHFREQ exceeds mean DBHBAI for sites to the right of 0.
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Figure 4. Site-level means and spread in the proportion of annual basal area growth
allocated to each size quartile from 1970-2011.
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Appendix A.
Figure A1. The percent of Dominant, Codominant, Intermediate, and Suppressed trees
within each diameter size quartile. This is a reference figure to show that typically, the
biggest trees at a site are also canopy dominant or codominant.
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Appendix B. BAI quartile proportions by site, 1970-2011.
Figure B1. BAI proportions to (a) Big, (b) Upper Middle, (c) Lower Middle, and (d)
Small quartiles
(a)

(b)
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Figure B1 (cont.)
(c)

(d)
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Appendix C. Variability and trends in size-related basal area increment
I further investigated the within- and between-site variability in the size-related
distribution of productivity. Here, I present informative analyses that are not part of the
primary manuscript to be submitted for publication.
I quantified within-site variability of the proportion of biomass growth to each size
quartile using the coefficient of variation (CV) of all 42 annual values at a site. Because it
is a unitless metric not influenced by the magnitude of the mean, the CV is a more
informative indicator of variability between quartiles with dissimilar means. Between-site
(n = 16) variability in proportional basal area growth is highest in the Small (CV = 0.25)
and Lower Middle (CV = 0.22) quartiles, with less variability in the Upper Middle (CV =
0.07) and Big (CV = 0.13) quartiles (Table C1). Within-site variability of annual
proportions (n=42 years) is consistently highest in the Small size quartile for most sites
(Figure C1). The exception is Harvard Forest-Lyford, where the Lower Middle is most
variable.
I performed a Mann-Kendall test to identify the presence and direction of
monotonic trends in the proportion of basal area increment to each size quartile from
1970-2011. For the full dataset, I first tested for trends in the mean proportional growth
of each quartile over time. Second, I tested for trends in between-site variability (CV of
all 16 sites), of each quartile over time. Additionally, I tested for trends in proportional
growth of each quartile individually at all 16 sites. Since 1970, our dataset as a whole is
allocating increasingly higher proportions of basal area growth to bigger trees (Figure
C2). The average proportional basal area growth allocated to Big (τ = 0.67) and Upper
Middle (τ = 0.48) trees have each significantly increased, while Lower Middle (τ = -0.70)
and Small (τ = -0.71) have significantly decreased. Individual sites tend to follow similar
trends with some exceptions. Of the 13 sites that have a significant trend in proportional
growth of Big trees, 10 are increasing while only 3 (Palmaghatt, Gill Brook, and Huron
Mt. Club-Rush Lake) are decreasing (Table C1). Only 7 sites have a significant trend in
the Upper Middle quartile, 6 of which are a positive trend. The lone exception is Pisgah
State Park-North Round Pond (τ = -0.35). Site-level trends in the Upper Middle quartile
tend to be weaker in general, which is also seen in the dataset as a whole (Figure C2). A
significant trend is present in the Lower Middle quartile at 13 sites, all of which are
decreasing with the exception of Gill Brook (τ = 0.43). Proportional growth of the Small
quartile is decreasing at 12 sites, with Palmaghatt the only site with an increasing trend in
the Small quartile.
Between-site variability (CV) in annual basal area increment proportions has
experienced a strong positive trend since 1970 for both Small (τ = 0.57) and Lower
Middle (τ = 0.68) size quartiles (Figure C3). Variability in the Big quartile has been
moderately increasing (τ = 0.30), while variability in the Upper Middle quartile has
remained more or less constant (Figure C3).
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Table C1. Mean proportion of BAI for each size quartile, with coefficient of variation (CV)
across all annual values in parentheses. “Across-site” includes the mean and CV of all 16 sites
presented in this dataset. Also listed are the results from the Mann-Kendall test for a monotonic
trend over time. Positive tau values indicate positive trend from 1970-201; negative tau values
indicate negative trend. Only significantly significant (p-value < 0.05) trends were listed.
Across sites
Tree-ring

Mean (CV)
Trend

Within sites
Duke
Hardwood

Mean (CV)
Trend

Gill Brook

Mean (CV)
Trend

Goose Egg

Mean (CV)
Trend

Harvard
Forest (EMS)

Mean (CV)
Trend

Harvard
Forest (Lyford)

Mean (CV)
Trend

HMC Rush Lake

Mean (CV)
Trend

HMC West

Mean (CV)
Trend

Howland

Mean (CV)
Trend

Missouri
Ozark

Mean (CV)
Trend

Morgan
Monroe

Mean (CV)
Trend

Ohio Oak
Openings

Mean (CV)
Trend

Palmaghatt

Mean (CV)
Trend

Pisgah (North
Round Pond)

Mean (CV)
Trend

Pisgah
(Harvard Tract)

Mean (CV)
Trend

Rooster Hill

Mean (CV)
Trend

U. of Michigan
Biological Station

Mean (CV)
Trend
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Big

Upper Middle

0.45 (0.13)

0.28 (0.07)

Lower Middle
0.17 (0.22)

Small
0.10 (0.25)

0.67

0.48

-0.70

-0.71

0.43 (0.07)

0.31 (0.10)

0.17 (0.10)

0.10 (0.17)

--

--

--

--

0.34 (0.13)

0.27 (0.06)

0.25 (0.12)

0.14 (0.20)

-0.31

--

0.43

--

0.43 (0.07)

0.27 (0.04)

0.20 (0.09)

0.10 (0.20)

0.60

--

-0.31

-0.70

0.44 (0.08)

0.29 (0.04)

0.16 (0.12)

0.11 (0.19)

0.70

--

-0.63

-0.53

0.49 (0.05)

0.30 (0.05)

0.12 (0.24)

0.09 (0.12)

0.43

0.39

-0.72

--

0.50 (0.06)

0.30 (0.12)

0.13 (0.14)

0.07 (0.14)

-0.29

0.46

-0.41

--

0.58 (0.04)

0.25 (0.07)

0.12 (0.06)

0.05 (0.17)

--

--

--

--

0.44 (0.07)

0.26 (0.04)

0.18 (0.08)

0.11 (0.11)

0.43

--

-0.23

-0.62

0.48 (0.08)

0.26 (0.09)

0.15 (0.11)

0.11 (0.34)

0.59

0.31

-0.48

-0.63

0.45 (0.11)

0.28 (0.14)

0.16 (0.13)

0.11 (0.25)

--

0.31

-0.33

-0.60

0.49 (0.07)

0.26 (0.07)

0.17 (0.20)

0.08 (0.21)

0.77

0.39

-0.68

-0.64

0.36 (0.11)

0.27 (0.09)

0.23 (0.11)

0.15 (0.24)

-0.62

--

--

0.59

0.41 (0.10)

0.33 (0.05)

0.19 (0.07)

0.08 (0.30)

0.62

-0.35

-0.29

-0.75

0.43 (0.05)

0.29 (0.04)

0.18 (0.05)

0.10 (0.21)

0.51

0.28

--

-0.81

0.48 (0.06)

0.27 (0.04)

0.16 (0.09)

0.10 (0.15)

0.55

--

-0.57

-0.40

0.43 (0.08)

0.26 (0.05)

0.17 (0.12)

0.14 (0.15)

0.45

--

-0.36

-0.31

Figure C1. Within-site variability in the proportion of basal area growth to each size
quartile, represented as the coefficient of variation.
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Figure C2. The
proportion of basal
area growth (17-site
average) allocated to
each size quartile
from 1970-2011.
Trend lines and tau
values are included
for quartiles that
exhibit a significantly
positive or negative
trend over the study
period, as determined
by the Mann-Kendall
test for monotonic
trend.

Figure C3. Between-site variability (coefficient of variation for 17 sites) in the
proportion of basal area growth to each size quartile, 1970-2011. Trend lines and tau
statistics are included for quartiles with a significantly positive or negative trend over the
study period as determined by the Mann-Kendall test for monotonic trend in a time
series.
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ABSTRACT
Modeling and forecasting forests as carbon sinks requires that we understand the primary
factors affecting productivity. One factor thought to be positively related to stand
productivity is the degree of asymmetry, or the slope of the relationship between tree
diameter and biomass growth. Steeper slopes indicate disproportionate productivity of
big trees relative to small trees. Theoretically, big trees outcompete smaller trees during
favorable growth conditions because they maintain better access to light. For this reason,
high productivity forests are expected to have asymmetric growth. However, empirical
studies do not consistently support this expectation, and those that do are limited in
spatial or temporal scope. Here, we analyze size-growth relationships from 1970-2011
across a diverse network of Eastern U.S. sites (n=16) to test whether asymmetry is
consistently related to basal area growth. We conduct between-site analyses at nonoverlapping annual, 2-, 5-, 10-, and 20-year sampling intervals and find that asymmetry
can be either positively, negatively, or unrelated to productivity depending on the specific
interval considered. Most sites (n=14) exhibit asymmetric growth (slope >1), although
inverse asymmetry (slope < 1) can emerge over longer sampling intervals. Additionally,
within-site interannual variability in asymmetry and productivity are not consistently
related, but isolated sites can have a significantly positive or negative relationship. Rather
than confirm or refute the existence of a positive relationship between asymmetry and
productivity, our findings suggest caution interpreting these metrics since the relationship
may vary across forest types and temporal scales.
Keywords: temperate forests, dendroecology, growth asymmetry, basal area growth,
biomass, carbon sequestration

70

INTRODUCTION
Worldwide, forests store nearly as much carbon as resides in the atmosphere
(Houghton 2007, Pan et al. 2011). There is potential to increase and manage the forest
carbon sink, particularly in the temperate forests of eastern North America where carbon
sequestration rates have been increasing in recent years (Woodbury et al. 2007). But, this
requires a more complete understanding of the ecological conditions that are responsible
for driving forest productivity (Urbano and Keeton 2017). One factor thought to be
positively related to forest productivity is the degree of asymmetry, or the linear slope of
the regression between tree diameter and growth, where a higher degree of asymmetry
indicates disproportionate production of big trees relative to small trees (Weiner 1990,
Schwinning and Weiner 1998). Because the degree of asymmetry uniquely couples forest
structural characteristics with productivity, it has the potential to serve as a valuable tool
to monitor and manage resources for carbon gain and model forest carbon dynamics.
However, its efficacy as a reliable indicator of forest productivity remains unclear.
A large body of work provides evidence for a positive association between
degree of asymmetry and productivity (e.g. carbon gain or basal area increment) or site
conditions (e.g. PDSI, soil moisture) in both empirical (Wichmann 2001, Metsaranta and
Leiffers 2010, Pretzsch and Biber 2010, Coomes et al. 2011, Zang et al. 2011, Prior and
Bowman 2014) and modeling research (Nord-Larsen et al. 2006, DeMalach et al. 2016).
These studies suggest that forest productivity is in part influenced by the structural
distribution of tree growth within a stand, that is, forests with disproportionate growth of
big trees tend to be more productive. However, there is also contradictory evidence
suggesting this relationship is not consistent. Studies have found no discernible
relationship (Castageneri et al. 2012), inconsistent relationships (Looney et al. 2016), or
negative relationships (Bourdier et al. 2016) between asymmetry and either productivity
or site conditions. Further complicating the issue is a lack of studies that take advantage
of a diversity of species, age, and size structures that characterize global forests; many of
the studies mentioned above are conducted in single locales (Wichmann 2001, Zang et al.
2011, Castagneri et al. 2012), subsets of a megaplot (Coomes et al. 2011, Prior and
Bowman 2014) or across similar forest types (Metsaranta and Leiffers 2010, Pretzsch and
Biber 2010, Bourdier et al. 2016, Looney et al. 2016). Data from a wider range of forest
types is needed to further address the efficacy of the productivity-asymmetry relationship.
The positive relationship between productivity and asymmetry might be driven by
competition for light. Since light is a directional resource, big trees with canopy
dominance can preempt incoming light at the expense of small, understory trees (Craine
and Dybzinski 2013). In this case, big trees may grow disproportionately to smaller trees
(size-growth asymmetry) when light is the primary limiting factor to growth and other
resources like water and nutrients are sufficiently available. Alternatively, the advantage
of big trees could be neutralized when competition for below-ground resources exceeds
competition for light, such as might occur in poor growing conditions when overall
productivity is low, resulting in size-growth curves that tend toward symmetric. For these
reasons, the degree of asymmetry is often expected to be positively associated with forest
productivity, site conditions, or water availability (e.g. Wichmann 2001). However, these
explanations assume a simplistic and unrealistically dichotomous interpretation of above
versus below-ground competition that likely does not always exist in dynamic forests
(Casper and Jackson 1997, Laroque et al. 2013). In forests, competition is usually neither
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dominated solely by light nor solely by below ground resources, but is more realistically
driven by an unknown or incompletely defined interaction of both (Cahill 1999).
Furthermore, it is too simplistic to assume that all trees have size-proportional access to
below ground resources because soil nutrients are not homogeneously distributed, and
trees vary in their belowground competitive ability (Casper and Jackson 1997, Rajaniemi
2003, Rewald and Leuschner 2009). Thus, across forest sites, forest types, or over time,
the relationship between productivity and asymmetry may not be stable. Addressing this
issue is a key step towards assessing the limitations and potential for interpreting
asymmetry as a means of modeling and forecasting carbon sequestration in forests.
In this paper, we analyze 42 years (1970-2011) of annually resolved
dendroecological reconstructions of asymmetry and productivity across a network of 16
eastern U.S. temperate forests. The main objective of this study is to evaluate the stability
of the productivity-asymmetry relationship across forest types and over time using a set
of structurally and species-diverse forests over a large area. Specifically, I address this
objective by asking the following: 1) do these forests typically exhibit asymmetric
growth, indicating disproportionate production of big trees?; 2) are within-site temporal
variations in productivity and asymmetry consistently correlated, and does this
relationship vary with the scale of remeasurement interval?; and 3) are more productive
sites consistently more or less asymmetric, and does this relationship vary over time and
with the temporal scale of the remeasurement interval? Addressing these questions is
important for understanding how structural growth dynamics in a stand impact the overall
carbon sequestration in a forest; if a stable relationship exists, size-growth asymmetry can
serve as a quantitative indicator of forest productivity and aid in development of carbon
management and modeling protocols.
METHODS
Dendroecological methods are ideal for extending temporal length and resolution
by providing long-term, annual data and are frequently employed to study forest
productivity (Davis et al. 2009, Babst et al. 2014b, Dye et al. 2016). Basal area increment
is an informative index of aboveground stem productivity because it represents area
instead of radial increment (Babst et al. 2014a), while also avoiding the tenuous
assumptions and uncertainties associated with using allometric equations to predict
biomass (Alexander et al. 2017b).
Study Sites
To study a variety of eastern US forest types, we included data from 16 sites, sampled
between 2011-2016. Site characteristics are described in detail in Table 1 and Appendix
A.
Diameter and basal area increment reconstructions
At each site, we collected increment cores following the sampling designs
described in Table 1. All sampling designs were variations of the stem-mapped sampling
design that is the suggested method for developing dendroecological reconstructions of
biomass growth (Nehrbass-Ahles et al. 2014, Dye et al. 2016, Alexander et al. 2017).
When possible, we collected 2-3 cores to minimize the effects of unequal growth around
the tree radius. Standard dendrochronological techniques were used to mount, sand, and
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analyze the cores (Stokes and Smiley 1968). We measured annual growth rings to the
nearest 0.001 mm with a sliding stage micrometer (Velmex Inc., Bloomfield, NY, USA)
and confirmed annual dating using the program COFECHA (Holmes 1983, GrissinoMayer 2001). In cases of multiple cores for a tree, we averaged the ring widths for all
radii by tree. Tree diameter was recorded at the time of sampling in the field. By
subtracting the averaged ring width in the previous year from the recorded diameter, we
estimated historical diameters for each tree. Since all sites had a minimum sampling limit
of 10 cm diameter at breast height, we stopped diameter reconstructions for a tree once its
diameter was less than 10 cm.
We calculated past basal area of each tree using our annually reconstructed
diameters. Using methods previously described in Davis et al. (2009) and Dye et al.
(2016), we subtracted the basal area in the previous year from basal area in the current
year to obtain annual basal area growth (aka basal area increment). Basal area increment
for each plot was calculated as the average basal area growth of all individual trees at a
plot and a site-level estimate was obtained by averaging all plots within a site. We use
site-level basal area increment as our unit of measurement for forest productivity.
Size-growth relationships
The slope of a linear regression between diameter and growth, or the degree of
asymmetry, indicates which tree sizes are disproportionately productive (e.g. Wiener
1990, Wichmann 2001, Pretzsch and Biber 2010, Coomes et al. 2011). To quantify
degree of asymmetry, we constructed linear regression models at non-overlapping annual,
2-, 5-, 10-, 20-, and 42-year intervals, between diameter (size) and basal area increment
(productivity). These are common intervals used in forest remeasurement studies and are
included to reveal stability of the size-growth relationships. We include all consecutive
intervals possible in our dataset (e.g. 1970-1974, 1975-1979,…, 2005-2009). The 42-year
interval represents the entirety of our study period. To calculate asymmetry, we first
divided basal area increment of each tree by total basal area increment (sum of all trees)
for each site to determine proportional basal area increment of each tree. Likewise, we
divided the diameter of each tree by the sum of all diameters to obtain proportional
diameter. In this way, we can compare parameters across sites without misinterpreting
differences in diameter distributions. Because proportional data are constrained between
0 and 1, we apply a center log transformation to each of the size-growth proportions,
following the methodology presented in Metsaranta and Leiffers (2010). Diameter is
defined as the initial diameter at the beginning of the interval and basal area increment as
the total incremental growth over the entire interval. For example, for the 1970-1979 10year interval we calculate the slope between diameters at the start of the 1970 growing
season and subsequent accumulated growth until the end of 1979. In the remainder of the
paper, we classify the degree of asymmetry in one of three ways:
1) Degree of asymmetry = 1, proportionally symmetric
2) Degree of asymmetry >1, asymmetric, driven by big trees
3) Degree of asymmetry < 1, inversely asymmetric, driven by small trees
A higher degree of asymmetry indicates that big trees are disproportionately productive
relative to their size, while inverse asymmetry indicates small trees are disproportionately
productive relative to their size. A degree of asymmetry equal to 1 indicates that trees are
growing directly proportional to their size.
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Between site comparisons of asymmetry and productivity
In order to test whether more asymmetric sites tend to be more productive, we
calculated Pearson’s correlation coefficients of both variables across our study region (n=
16 sites). We assessed this relationship separately for each of our non-overlapping
annual, 2-year, 5-year, 10-year, 20-year, and 41-year remeasurement intervals. An
additional correlation was performed for each unique interval (e.g. 41 correlations at the
annual interval, or one for each year 1970-2011).
We assess the validity of each of these correlations in the context of multiple
comparisons (e.g. Miller 1981). Assuming a null hypothesis of no relationship between
productivity and asymmetry is true, we can expect to find n * p falsely significant
relationships, where n is the number of comparisons and p is the significance level. For
example, at a significance level of 5%, we should expect 2 comparisons to be falsely
significant at the annual interval (41 * 0.05). Additionally, we adjust the p-value required
to achieve a significant result using a Bonferroni correction.
Within-site comparisons of asymmetry and productivity
As a measure of variability within sites, we calculated first differences on both the
productivity and asymmetry series (t – (t-1), where t is the current measurement interval),
to correct for dependence of consecutive years. This is similar to methods employed by
Metsaranta and Leiffers (2010) to study asymmetry. In the first-differenced data, a
positive value indicates that asymmetry or productivity increased from the previous
interval and a negative value that it decreased from the previous interval. We then
calculated the cross-correlation function between annual, 2-year, and 5-year firstdifferenced productivity and asymmetry over the study period (1970-2011) within each
of the 16 sites individually. We did not conduct within-site comparisons for the 10-, 20-,
and 41-year intervals for this analysis since these series only have 3, 1, and 0 first
differences, respectively.
RESULTS
Size-growth relationships
Over the period 1970-2011, annual size-growth relationships at all sites were
largely asymmetric (Table 2), but symmetric or inverse asymmetric growth can occur in
isolated years (Figure 1). This indicates that the basal area increment of big trees is
typically disproportionate to their size at the annual scale. At most sites, basal area
increment remains asymmetric regardless of the remeasurement interval considered
(Table 2). Notable exceptions include Gill Brook, which averages inverse asymmetric
growth at all intervals except annual, and Palmaghatt, which exhibits inverse asymmetric
growth at the full 42-year interval. Gill Brook is particularly inverse asymmetric at longer
remeasurement intervals (slope = 0.36 and 0.60 at the 42-year and 20-year, respectively).
The remaining 14 sites are asymmetric regardless of the remeasurement interval applied;
however, the magnitude of asymmetry does not remain constant. For example, at Duke
Hardwood, Gill Brook, Goose Egg, EMS, Missouri Ozark, Morgan Monroe, North
Round Pond, and UMBS, the degree of asymmetry decreases steadily as the
remeasurement interval length increases. This suggests that over longer time periods,
trees that were small at the start of the interval become disproportionately productive.
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Between-site correlations of asymmetry and productivity
Asymmetry and productivity are not consistently correlated between sites at any
of the remeasurement intervals. The between-site correlation of the full study period (41year asymmetry and productivity) is moderately negative but not significant at the 95%
level (R2 = 0.16, p-value = 0.13, Figure 2). Morgan Monroe had a noticeably higher
mean basal area increment (24.24 cm2/year) than other sites, so we conducted the
correlation analysis a second time with Morgan Monroe removed. Removing Morgan
Monroe did not improve the relationship (R2 = 0.14, p-value = 0.17).
Annually, there is a significant positive and negative between-site correlation for
only 3 and 2 out of 41 annual comparisons, respectively (Figure B1). All other annual
comparisons exhibit no discernible relationship. Given that we conduct 41 multiple
comparisons, we would expect approximately two of the annual comparisons to be
falsely significant if there is not actually a measurable relationship. When a Bonferroni
correction is applied to adjust the required significance level (p-value < 0.001 for 95%
significance), none of the 41 annual comparisons meet the criteria for statistical
significance (p >=0.001).
At longer time scales, there is qualitative evidence that asymmetry and
productivity are moderately negatively correlated. At the 2-year interval, 5 out of 21
comparisons are significantly negative (Figure B2). In the context of multiple
comparisons, we would expect one of these to be falsely significant if there is no real
relationship. After application of a Bonferroni correction (p-value < 0.001 for 95%
significance), no comparisons were significant at the 2-year interval. At the 5-year
(Figure B3), 10-year (Figure B4), and 20-year intervals (Figure B5), we observe 2 out of
8, 1 out of 4, and 1 out of 2 significantly negative relationships, respectively. However,
none of these comparisons meet the required criteria once the Bonferroni corrections are
applied (p-value < 0.006 for 50-year, < 0.01 for 10-year, and < 0.03 for 20-year). There
are no indications that the productivity-asymmetry relationship between sites is
strengthening or weakening over time at any of the remeasurement intervals. For the most
part, relationships lack consistency and are relatively weak throughout the study period.
Within-site correlations of asymmetry and productivity
Within-site correlations of temporal variations in asymmetry and productivity are
also inconsistent. Annual first-differenced productivity and asymmetry (n = 41) are
significantly positively correlated at Missouri Ozark (R2 = 0.14, p-value = 0.01) and
Ohio Oak Openings (R2 = 0.13, p-value=0.02) and negatively correlated at Duke
Hardwood (R2 = 0.12, p-value = 0.03) and Huron Mt. Club-West (R2 = 0.10, p-value =
0.04). The other 12 sites do not exhibit a significantly positive or negative relationship
(Figure 3). Application of a Bonferroni correction reduced the p-value required for
significance at the 95% level to 0.003; none of the annual first-differenced comparisons
met this more stringent criteria.
First-differenced 2-year intervals (n = 20) are significantly positively correlated at
5 sites: Harvard Forest-Lyford (R2 = 0.41, p-value=0.00); Huron Mt. Club-West (R2 =
0.30, p-value=0.01); Ohio Oak Openings (R2 = 0.43, p-value = 0.00); Pisgah-Harvard
Tract (R2 = 0.24, p-value = 0.03); and UMBS (R2 = 0.26, p-value = 0.02) (Figure C1).
After application of the Bonferroni correction, Harvard Forest-Lyford and Ohio Oak
Openings continued to meet criteria for statistical significance. First-differenced 5-year
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intervals comparisons (n = 7) are significant only at Huron Mt. Club-West (R2 = 0.57, pvalue = 0.05) and Harvard Forest-EMS (R2 = 0.62, p-value = 0.04) (Figure C2). Neither
of these sites met criteria for statistical significance after the Bonferroni correction was
applied. Due to the short span of our study period, we had only 3 first-differenced 10year intervals and 1 first-differenced 20-year interval and do not report those correlations
here.
DISCUSSION and CONCLUSIONS
Relationship between growth and size is typically asymmetric at annual scale but inverse
asymmetry can emerge over longer remeasurement intervals
Growth at all sites is typically asymmetric in any given year, indicating
disproportionate production of big trees. This confirms parallel work based on the same
dataset, which found that annually, trees in the largest diameter quartile are responsible
for 40-60% of total site-level basal area growth (Dye et al., in prep.). Other studies have
also found characteristic growth asymmetry at the annual scale, with individual years
deviating in magnitude of asymmetry (Metsaranta and Leiffers 2010, Castagneri et al.
2012). Alternatively, inverse asymmetry has been observed for periods of time in forests
of the U.S. Southwest (Biondi 1996) and black ash forests in northern Minnesota
(Looney et al. 2016).
Asymmetric growth has been interpreted as indicating competition for light
(Weiner 1990, Wichmann 2001, Pretzsch and Biber 2010, Coomes et al. 2011). The
assumption is that competition for light favors growth of large trees, because these trees
have more direct light access due to possession of a larger share of canopy space. Using
the degree of asymmetry alone, our data support competition for light as an emergent
factor in any given year at the stand scale, consistent with a traditional understanding that
competition for light governs the size-related dynamics of structural growth in closed
canopy forests of the eastern U.S. (Williams 1998, Druckenbrod et al. 2005). At longer
remeasurement intervals, however, all sites do not remain asymmetric. This is most
pronounced at Gill Brook and Palmaghatt, which are characterized by inverse asymmetry
at the longest remeasurement intervals. Although asymmetry remains predominate
annually, over the long-term, small trees at these two sites grow disproportionately to
their original size at the beginning of the growth interval. Inverse asymmetry could
emerge if trees that were small at the start of a growth interval were released from the
understory and gained canopy dominance over time (Biondi 1999). The specific histories
of these two sites support this explanation. In the mid-1970s at Gill Brook, productivity
nearly doubles; such a significant increase in tree growth has been associated with
canopy tree mortality in other eastern U.S. forests (Lorimer and Frelich 1989). In the
event of canopy mortality at Gill Brook, small trees released from competition may have
slowly accumulated growth over time. Annually, the disproportionate growth of small
trees is not visible, but as these small trees likely gain canopy dominance over the course
of 5, 10, 20, or 40 years, they exhibit disproportionate growth. In the Palmaghatt region, a
series of severe winter ice storms in 2003 caused mortality with particular damage to
large trees (Kocin and Uccellini 2004, Neil Pederson personal comm.). Following 2003,
Palmaghatt shifts towards inverse asymmetry at all remeasurement scales. This shift is
particularly evident in the longer intervals. Potentially, big trees damaged by the 2003
storms facilitate growth of smaller trees, resulting in inverse growth asymmetry. The
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observed asymmetry patterns at both Gill Brook and Palmaghatt are supported by
declining proportional productivity of the two largest diameter size quartiles at these sites
over time (Dye et al., in prep). Although the other 14 sites retain asymmetric growth at all
remeasurement intervals, the degree of asymmetry varies (Table 2). This suggests that
calculations of asymmetry are highly dependent on the remeasurement interval used,
which may limit the comparability of studies that have adopted alternative measurement
intervals to calculate asymmetry, including 4-year (Prior and Bowman 2014), 5-year
(Pretszch and Biber 2010), 20-year (Coomes et al. 2011), or annual intervals (Wichmann
2001, Metsaranta and Leiffers 2010, Castagneri et al. 2012, Looney et al. 2016).
Potentially, disturbance history plays a major role as well (D’Amato and Orwig 2008).
Productivity and asymmetry are not consistently related
To date, four studies have examined the within-site productivity-asymmetry
relationship over multi-decadal time scales using an annually resolved dendroecological
dataset similar to what we present in the current paper. Originally, Wichmann (2001)
presented evidence in support of a theory that asymmetry should increase with
productivity and/or site conditions using 60 years of growth and precipitation records
from a Sitka spruce forest in Denmark. Wichmann showed that annual degree of
asymmetry was modestly and positively correlated with total precipitation. However, the
observations form a wide triangular envelope with several high precipitation years
associated with low asymmetry. Metsaranta and Leiffers (2010), showed that annual
first-differenced site productivity was significantly correlated with annual firstdifferenced asymmetry at 8 of 10 study sites in a monospecific jack pine forest in
Western Canada. In contrast to these studies, Castagneri et al. (2012) showed similar
records of productivity, but widely varying asymmetry, for three nearby plots in a central
European Norway spruce forest. In five northern Minnesota black ash forests, Looney et
al. (2016) found inconsistent relationships between asymmetry and Palmer Drought
Severity Index, used as an indicator of site conditions. Collectively, these studies present
inconclusive evidence either for or against an emergent asymmetry-productivity
relationship. Likewise, our current study does not lend support for or against – rather,
our results further confirm the inconclusiveness resulting from these studies.
Of our sites, only four exhibit either a positive or negative relationship in the
annual change in asymmetry and productivity over time, none of which possess any
obvious common characteristics. Though not statistically significant after the Bonferroni
correction (p-value < 0.003), four sites individually exhibit a fairly strong positive or
negative asymmetry-productivity relationship. This distinction is important, because If
we had only studied interannual variations at one site, say Missouri Ozark (R2 = 0.15),
instead of across a network of sites, we could have interpreted this as evidence for a
productivity-asymmetry relationship.
Similarly, we also observed weak within-site correlations at the 5-year
remeasurement interval. At the 2-year interval, both Harvard Forest-Lyford and Ohio
Oak Openings maintain strong within-site correlations, even after application of the
Bonferroni correction. This still does not provide strong evidence of an emergent
productivity-asymmetry relationship at the 2-year scale; rather, the strong correlations at
Lyford and Ohio further highlight the inconsistency. For example, if we had conducted
this study only at Harvard Forest-Lyford, and remeasured tree diameters every two years
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since 1970, we would have concluded that there was a strongly positive relationship
between asymmetry and productivity. Instead, by analyzing the additional 15 sites in our
dataset, we show that asymmetry is actually not consistently related to productivity,
suggesting that the Lyford and Ohio 2-year interval results are anomalous or site-specific.
This is the case even between nearby sites - despite being roughly 1 km removed from
Lyford and having similar productivity, age, and composition, the Harvard Forest-EMS
site has a starkly different asymmetry record (Figure 3). Similarly, Castagneri et al.
(2012) also show that nearby stands can have nearly identical productivity records but
dissimilar asymmetry. Other studies that present a positive association between
productivity and asymmetry are sometimes drawn from a single interval or site. For
example, Zang et al. (2011) attributed increased asymmetry of Norway spruce and
common oak growth over the 2002-2003 growth period to wet conditions in 2003.
Whether asymmetry continues to oscillate in tandem with moisture conditions over time
at their site remains unclear, but the inconsistent correlations seen in our data suggest that
such an extrapolation should not be taken for granted.
We also find little evidence that more productive sites are more asymmetric. In
fact, most of our between-site comparisons reveal a moderately negative, not positive,
relationship. Although none of the correlation statistics meet stringent criteria for
statistical significance after application of the Bonferroni correction there is a persistent
qualitative negative relationship for all between-site comparisons in the 2-, 5-, 10-, 20-,
and 41-year remeasurement intervals (Figure 2, Appendix B). This differs from the
annual intervals, where productivity is positively associated with asymmetry during
several years (e.g. 1981, 1991, 2005).
Interestingly, some known ecological disturbance events are clearly visible in
both the asymmetry and productivity records. For example, the 1981 gypsy moth
outbreak at Harvard Forest (Elkinton and Liebhold 1990) is recorded as a strong dip in
both the productivity and asymmetry records at Lyford and EMS (Figure 3). This is
particularly evident in the 1980-1982 2-year interval (Figure C1). The outbreak clearly
resulted in decreased basal area increment, and the simultaneous decrease in asymmetry
suggests that this event may have negatively affected big trees relative to small trees.
During short periods of disturbance, such as the 1981 Harvard Forest gypsy moth
outbreak or the abrupt change in drought conditions from 2002-2003 analyzed by Zang et
al. (2011), it may be possible to use asymmetry to elicit information on the structural
response of trees to these events. Future work looking at asymmetry responses of several
sites to similar disturbances would be useful to determine whether certain events alter
asymmetry in characteristic ways. However, our data show that expecting asymmetry to
consistently follow regular variations in productivity is at best a tenuous assumption.
Implications for interpreting forest biomass growth
In diverse, structurally complex forests, such as those of the Eastern U.S., we
show that it is likely unrealistic to assume a stable relationship between productivity and
asymmetry. Additional evidence supports this claim from a variety of perspectives. For
example, Bassow and Bazzazz (1997) found inter-specific variation in photosynthetic
uptake of canopy dominant trees at the Harvard Forest; this implies that photosynthetic
capacity could be a key driver of asymmetry, instead of or in addition to light
competition. An assumption that productivity increases with asymmetry requires
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competitive advantages to be primarily vertically stratified. When a canopy consists of
many species of trees with different capacities to acquire available light, as occurs in
most eastern U.S. forests, the direct and simplistic link between light competition and
asymmetry may not hold. In part, this may explain the strong correlations found in less
diverse forests, such as the monospecific jack pine stands studied by Metsaranta and
Leiffers (2010).
Another major assumption of the expected positive relationship between
asymmetry and productivity requires that belowground competitive ability is
homogeneously distributed between trees. When belowground resources are the limiting
factor for the stand, this homogeneity is thought to result in symmetric size-growth
relationships because preemptive light acquisition is no longer an advantage for the
dominant trees (Weiner 1990). However, the capacity of a tree to succeed in
belowground competition has been shown to be highly variable between individuals of
same and different species (Rajaniemi 2003, Rewald and Leuschner 2009), suggesting
that correlating belowground competition with size-growth symmetry is a simplistic, and
potentially erroneous, assumption. Additionally, the distribution of belowground
nutrients throughout the soil is not usually heterogeneous, resulting in unequal access to
these nutrients (Craine et al. 2013).
Further evidence across the temperate forest region shows that structural biomass
growth dynamics are driven by a complicated mix of climate, competition, and
disturbance history. Using a subset of the same sites presented in our current analysis,
Alexander (2017) showed that the growth response of trees to climate variability can vary
by canopy position, with dominant, intermediate, and suppressed trees each uniquely
responding to periods of increased temperature or drought. Similar conclusions support
the findings of Alexander (2017) at other sites in the eastern U.S. and temperate forests of
Western Europe (Jacquart et al. 1992, Orwig and Abrams 1997, Lebourgeois et al. 2014).
Differential canopy responses to climate undermine the expectation of a consistently
positive asymmetry-productivity relationship, which relies on interpreting light
competition as the main driver of structural biomass growth. We cannot expect
productivity to be strictly associated with asymmetry if factors other than vertical
competition for light play a major role in creating stand biomass growth dynamics. To
date, no clear consensus has emerged regarding the primary factor driving structural
biomass growth in diverse temperate forests, although evidence suggests climate
(Pederson et al. 2014), disturbance legacies (Trotsiuk et al. 2016), competition (Zhang et
al. 2015), and stand age (Foster et al. 2016) can be important factors. Most likely,
structural growth dynamics result from a complicated interaction of each of these factors
and others, and our representation of forest carbon gain in ecological models needs to
reflect this to accurately predict biomass responses to global change (Foster et al. 2016).
In light of these complicated interactions and the results presented in this paper, we
conclude that a metric solely based on structural competition for light, such as the degree
of asymmetry, should not be used as a standalone predictor of forest productivity.
However, the degree of asymmetry uniquely characterizes size-related biomass growth,
and can serve as a useful indicator of the structural allocation of new wood growth in
forests, particularly in response to disturbance events. This application alone makes
continued study and interpretation of size-growth asymmetry in diverse forests a worthy
topic of future research.
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Table 1. Site characteristics and sampling designs.
Site, State

Forest Region%

Sampling design*

Duke
Hardwood, NC

Oak-pine

Double nested,
3 plots

Gill Brook, NY

Hemlocknorthern hardwood

Goose Egg, NY

Number
of trees
59

Reference

Triple nested,
2 plots

153

N. Pederson,
unpublished

Hemlocknorthern hardwood

Triple nested,
3 plots

216

N. Pederson,
unpublished

Harvard ForestEMS, MA

Hemlocknorthern hardwood

Double nested,
2 plots

145

Dye et al. 2016

Harvard Forest
–Lyford, MA

Hemlocknorthern hardwood

Double nested,
3 plots

133

Dye et al. 2016

Howland, ME

Hemlocknorthern hardwood

Double nested,
3 plots

282

Dye et al. 2016

Huron Mt.
Club-Rush
Lake, MI

Hemlocknorthern hardwood

All trees ≥ 10 cm
DBH, 2 16 m
radius plots

60

A. Dye, unpublished

Huron Mt.
ClubWest, MI

Hemlocknorthern hardwood

All trees ≥ 10 cm
DBH, 2 16 m
radius plots

79

A. Dye, unpublished

Missouri Ozark,
MO

Oak-hickory

Double nested,
3 plots

95

Alexander 2017a

Morgan
Monroe, IN

Western
mesophytic

Double nested,
3 plots

69

Alexander 2017a

Pisgah State
Park-North
Round Pond,
NH

Hemlocknorthern hardwood

Triple nested,
3 plots

174

N. Pederson,
unpublished

Pisgah State
Park- Harvard
Tract, NH

Hemlocknorthern hardwood

Double nested,
2 plots

249

N. Pederson,
unpublished

Ohio Oak
Openings, OH

Beech-maple

Double nested,
2 plots

83

Alexander 2017a

Palmaghatt, NY

Hemlocknorthern hardwood

Triple nested,
4 plots

140

N. Pederson,
unpublished

Rooster Hill,
NY

Hemlocknorthern hardwood

Triple nested,
2 plots

167

N. Pederson,
unpublished

UMBS, MI

Hemlocknorthern hardwood

Double nested,
3 plots

161

Alexander 2017a

Alexander 2017a

*Sampling designs: If sampling design is unique to a site, it is described in the table. Otherwise, designs are one of the
following: Triple nested for old-growth forests: Trees ≥10 cm within 10 m radius, ≥ 20 cm within 20 m radius, ≥ 30 cm
within 30 m radius. Double nested in second-growth forests: Trees ≥10 cm within 10 m radius, ≥ 20 cm within 20 m
radius. %Forest regions as defined by Braun 2001.
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Table 2. Mean basal area growth and degree of asymmetry for annual, 2-year, 5-year, 10-year, 20-year, and 41-year
remeasurement intervals. Since average annual basal area growth remains unchanged regardless of the length of the
remeasurement interval, this value is only reported once.

Mean basal
area growth
(cm2/yr)

Mean
Mean degree
degree of
of asymmetry
asymmetry
(annual)
(2-year)

Mean
degree of
asymmetry
(5-year)

Mean
degree of
asymmetry
(10-year)

Mean
degree of
asymmetry
(20-year)

Mean
degree of
asymmetry
(41-year)

Duke Hardwood

16.02

1.61

1.59

1.55

1.49

1.39

1.19

Gill Brook

14.21

1.52

0.87

0.84

0.73

0.6

0.36

Goose Egg

13.21

1.59

1.58

1.53

1.46

1.35

1.03

Harvard Forest –
EMS

8.25

1.73

1.82

1.84

1.8

1.69

1.65

Harvard Forest –
Lyford

11.48

1.68

1.75

1.74

1.75

1.72

1.78

Howland

6.28

1.62

1.82

1.78

1.72

1.59

1.26

Huron Mt. Club –
Rush Lake

11.66

1.63

2.29

2.31

2.29

2.25

2.05

Huron Mt. Club –
West

6.95

1.63

2.45

2.55

2.63

2.69

2.65

Missouri Ozark

9.72

1.74

1.64

1.63

1.62

1.63

1.62

Morgan Monroe

24.24

1.73

1.41

1.34

1.27

1.14

1.05

Ohio Oak
Openings

12.99

1.72

2.24

2.28

2.34

2.38

2.34

Palmaghatt

13.01

1.73

1.2

1.2

1.19

1.13

0.89

Pisgah St. Park –
Harvard Tract

7.94

1.79

1.92

1.9

1.89

1.79

1.44

Pisgah St. Park –
North Round
Pond

16.96

1.8

1.76

1.74

1.7

1.54

1.27

Rooster Hill

9.07

1.79

1.68

1.64

1.6

1.57

1.49

UMBS

7.52

1.7

1.46

1.47

1.47

1.5

1.37
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Figure 1. Annual regression lines between proportional diameter and proportional basal area growth in
years when degree of asymmetry is asymmetric (slope >1), proportional symmetric (slope = 1), and inverse
asymmetric (slope < 1) for a) Huron Mt. Club-Rush Lake and b) Ohio Oak Openings.
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Figure 2. Degree of asymmetry plotted against basal area growth for the full 41-year time span of our
study. At this time scale, asymmetry and productivity are moderately but non-significantly negatively
correlated (R2 = 0.16, p-value = 0.13). The point representing Morgan Monroe is indicated, since this site
has a noticeably higher basal area growth (24.24 cm2/year) than other sites. However, conducting the
correlation with Morgan Monroe removed only slightly degrades the relationship (R2 = 0.14, p-value =
0.17).
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Figure 3. First-differenced basal area growth (dotted) plotted against first-differenced degree of asymmetry
for annual remeasurement intervals, 1970-2011. To enable visualization, degree of asymmetry values are
multiplied by a factor of 10 in the graph. R2 values are labelled only on panels for sites where a statistical
relationship was discovered.
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Appendix A.

Figure A1. Map of study sites included in this paper.
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Appendix B. Between-site comparisons of productivity and asymmetry for 2-, 5-, 10-,
and 20-year remeasurement intervals.

Figure B1. Annual between-site relationships between asymmetry and basal area growth
1970-2011. Linear trend lines are plotted only for years with a significant (p value <
0.05) positive or negative correlation. However, once a Bonferroni correction is applied,
none of the comparisons exhibit a statistically significant relationship.
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Figure B2. Between-site relationships for asymmetry and basal area growth grouped in
2-year remeasurement intervals, 1970-2011. Linear trend lines are plotted only for years
with a significant (p value < 0.05) positive or negative correlation. None of the 2-year
between site relationships are significant once a Bonferroni correction is applied.
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Figure B3. Between-site relationships for asymmetry and basal area growth grouped in
non-overlapping 5-year remeasurement intervals, 1970-2011. Linear trend lines are
plotted only for years with a significant (p value < 0.05) positive or negative correlation.
None are significant when a Bonferroni correction is applied.
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Figure B4. Between-site relationships for asymmetry and basal area growth
grouped in non-overlapping 10-year remeasurement intervals, 1970-2011. Linear
trend lines are plotted only for years with a significant (p value < 0.05) positive or
negative correlation.

Figure B5. Between-site relationships for asymmetry and basal area growth
grouped in non-overlapping 20-year remeasurement intervals, 1970-2011. Linear
trend lines are plotted only for years with a significant (p value < 0.05) positive or
negative correlation.

93

Appendix C. Within-site comparisons of first differenced productivity and
asymmetry at 2- and 5-year intervals.

Figure C1. First-differenced basal area growth (dotted) plotted against firstdifferenced degree of asymmetry for 2-year remeasurement intervals, 1970-2011.
To enable visualization, degree of asymmetry values are multiplied by a factor of 10
in the graph.
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Figure C2. First-differenced basal area growth (dotted) plotted against firstdifferenced degree of asymmetry for 5-year remeasurement intervals, 1970-2011.
To enable visualization, degree of asymmetry values are multiplied by a factor of 10
in the graph.
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Summary and Future Directions
Rising global temperatures resulting from high concentrations of greenhouse
gases in the atmosphere is one of the most contentious and pressing issues of the
modern era. Now more than ever, ecological science designed at understanding,
predicting, and mitigating the negative effects of climate change is of utmost
importance. One way to approach the issue is by investigating how components of
the environment naturally assimilate, sequester, and release atmospheric carbon. In
this dissertation, I have focused on one such component, the aboveground woody
biomass of trees in forests. Through this work I hope to further define the role
forests have in the global carbon cycle and as potential mitigators of the currently
skyrocketing atmospheric carbon levels.
To contribute to this goal, I first devoted significant effort to refining the use
of dendrochronology as a method of reconstructing aboveground woody carbon
sequestration rates. Unlike other methods, dendrochronology produces annually
resolved, spatially explicit, long-term records of aboveground biomass growth that
can be obtained from a single sampling and analysis campaign. However, until
recently, tree rings have rarely been used in studies of the carbon cycle.
Next, I used my dendrochronological records of biomass growth to produce
highly detailed descriptions of the structural (Chapters 2 and 3) and species
(Chapter 1, Appendix C) distributions of biomass growth. This was inspired by a
need to answer the question: “Where is carbon going in in forests?” Knowing where
biomass growth occurs can provide information invaluable to developing forest
management strategies for carbon gain, improving predictive models of the carbon
cycle, and understanding the ecological drivers behind the distribution of biomass
growth in forests.
While setting a solid foundation for using tree rings to understand biomass
dynamics in eastern temperate forests, this dissertation also elucidated a number of
questions worthy of additional investigation. For example, my work suggests that
both the structural distribution of biomass growth and degree of asymmetry may be
partially influenced by the specific disturbance history and stand dynamics of a site.
Discovering exactly how disturbance influences structural biomass growth would be
a major leap forward in forest ecology and help to truly clarify many of the concepts
I present in this dissertation. Additonally, the high level of spatial and ecological
detail of each of these datasets warrant application of a variety of research
questions that are difficult to ask with traditional dendrochronological records: the
spatially explicit mapped-plot sampling design can allow for investigation into the
spatial distribution of biomass growth; the detailed species and canopy position
information can help researchers further pull apart structural and species-related
drivers of growth; and the juxtaposition of many sites with other long-term forest
monitoring studies (e.g. the AmeriFlux network, Harvard Forest and Huron Mt. Club
permanent remeasurement plots) facilitates assimilation of these dendroecological
records with additional data, leading to a more complete description of forest
carbon dynamics.
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